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droplet/electrospray 
(100) comprises a 
(102) defining a 
(104) between an 
orifice (106) on an 
surface (108) and 
orifice on an ejection surface 
(112), a nozzle (110) defined 
by a portion recessed from 
the ejection surface (112) 
surrounding the exit orifice, 
and an electrode (122) for 
application of an electric 
potential to the substrate 
(102) to * optimize and 
generate droplets or an 
electrospray (62). A plurality 
of these electrospray devices 
(100) can be used in the form 
of an array of miniaturized 
nozzles. The liquid 

chromatography-electrospray T ¥ BCTKACT 

device (160) comprises a 
separation substrate (162) 
defining an introduction 

channel (164) between an entrance orifice and a reservoir (166) and a separation channel (168) between the reservoir (166) and an exit 
orifice (170), the separation channel (168) being populated with separation posts (174) perpendicular to the fluid flow. 
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INTEGRATED MONOLITHIG MICROFABRICATED DISPENSING 
NOZZLE AND LIQUID CHROMATOGRAPHY-ELECTROSPRAY SYSTEM 

AND METHOD 

This application claims the benefit of U.S. Provisional Patent 
Application Serial No. 60/122,972, filed March 2, 1999. 



FIELD OF THE INVENTION 

10 

The present invention relates generally to an integrated miniaturized 
fluidic system fabricated using microelectromechanical systems (MEMS) technology, 
particularly to an integrated monolithic microfabricated dispensing nozzle capable of 
dispensing fluids in the form of droplets or as an electrospray of the fluid. 

15 

BACKGROUND OF THE INVENTION 

New trends in drug discovery and development are creating new 
demands on analytical techniques. For example, combinatorial chemistry is often 

20 employed to discover new lead compounds, or to create variations of a lead 
compound. Combinatorial chemistry techniques can generate thousands of 
compounds (combinatorial libraries) in a relatively short time (on the order of days to 
weeks). Testing such a large number of compounds for biological activity in a timely 
and efficient manner requires high-throughput screening methods which allow rapid 

25 evaluation of the characteristics of each candidate compound. 

The compounds in combinatorial libraries are often tested 
simultaneously against a molecular target. For example, an enzyme assay employing 
a colorimetric measurement may be run in a 96-well plate. An aliquot of enzyme in 
each well is combined with tens of compounds, An effective enzyme inhibitor will 

30 prevent development of color due to the normal enzyme reaction, allowing for rapid 
spectroscopic (or visual) evaluation of assay results. If ten compounds are present in 
each well, 960 compounds can be screened in the entire plate, and one hundred 
thousand compounds can be screened in 105 plates, allowing for rapid and automated 
biological screening of the compounds. 
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n.qua.i V of fte combinatorial l ibray and the compounds contained 
Uterem „ used to assess the validity of the biological screening data. Conflation 
that the correct molecular weigh, is identified for each compound or a statistically 
relevant number of compounds along with a measure of compound purity are two 
tmportan, measures o[Ae qua , ity rf , ^ ^ 

analyncally characterized by removing a portion of solution ftom each wel. and 
■ejecting the contents into a separation device such as liquid chromatography or 
capillary electrophoresis instrument coupled to a mass spectrometer. Assuming tha, 
such a method wou,d take approximately 5 minutes per analysis, I, would require over 
a month to analyze the contents of 105 96-wel, plates, assummg tire method was fimy 
automated and operating 24 hours a day. Even larger well-ptaes contain!™ ^ 
.536 wells are being intograted into the screening of new chemical entities Imposing" 
even greater time constraints on tine analytical characterization of these libraries. 

Recen, technological developments in combinatorial chemistry 
molecular biology, and new microchip chemical devices have created the need for 
new types of dispensing device, Applications in combinatorial chemistry require 
robust sample delivery systems that are chemically inert and distribute less man 
mtcroliter amounts of liquid in high-density formats. The systems need to be highly 
reproducible and have overall quick dispensing time, Current dispensing technology 
uhhzes serial injection scheme, The use of serial dispensers will be inherently 
banted due to their alow overall distribution times as tire move to high-density 
formats progresses. For example, for combinatorial chemistry applications, to 
synthesize a library of I million discrete compounds, each composed of 4 monomers 
a total of 4 x 106 dispensing steps would be required. If each dispensing step required 
3 seconds (considering dispense time, rinsing, and, locatioil p„ sitioiling)j ^ ^ 
hme to dispense all of the reagents would be 12 x 106 seconds, or 3333 hours or 139 
day, for high-densiry format, dispensing must be condnctod in parallel In 
order for parallel dispensing ,„ work in high-density formats, the dispensing device 
must be small enough to allow al, dispensing units to be simultaneously positioned 
wtthm a corresponding receiving well. This requbes me dispenser to be relatively 
small. As htgh density formats reach greater than 10,000 wells, dispensing devices 
w.11 need to be spaced within ,00 pm or less. In addition, in order for toe dispenser to 
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be practical, the device must dispense small quantities of liquid (10' 9 to 10" 12 L), and 
only require small volumes to operate. 

Piezoelectric dispensing units have also been used for dispensing small 
amounts of liquid for microdevices. However, piezoelectric dispensers suffer from 
5 several problems. Currently, the closest spacing of individual dispensers is 330 |im in 
an array of four. Due to the current piezoelectric design and fabrication, the number 
of dispensers that can be positioned adjacent to one another is limited because of 
downstream device features. Additionally, sample requirements may be quite high 
even though the dispensing volume is small. 

10 Enormous amounts of genetic sequence data are being generated 

through new DNA sequencing methods. This wealth of new information is 
generating new insights into the mechanism of disease processes. In particular, the 
burgeoning field of genomics has allowed rapid identification of new targets for drug 
discovery. Determination of genetic variations between individuals has opened up the 

15 possibility of targeting drugs to individuals based on the individual's particular 
genetic profile. Testing for cytotoxicity, specificity, and other pharmaceutical 
characteristics could be carried out in high-throughput assays instead of expensive 
animal testing and clinical trials. Detailed characterization of a potential drug or lead 
compound early in the drug development process thus has the potential for significant 

20 savings both in time and expense. 

Development of viable screening methods for these new targets will 
often depend on the availability of rapid separation and analysis techniques for 
analyzing the results of assays. For example, an assay for potential toxic metabolites 
of a candidate drug would need to identify both the candidate drug and the 

25 metabolites of that candidate. An assay for specificity would need to identify 

compounds that bind differentially to two molecular targets such as a viral protease 
and a mammalian protease. 

It would, therefore, be advantageous to provide a method for efficient 
proteomic screening in order to obtain the pharmacokinetic profile of a drug early in 

30 the evaluation process. An understanding of how a new compound is absorbed in the 
body and how it is metabolized can enable prediction of the likelihood for an 
increased therapeutic effect or lack thereof. 
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Given the enormous number of new compounds that are being 
generated daily an improved system for identifying molecules of potential therapeutic 
value for drug d 1S cov ei y is also critically needed. Accordingly, there is a critical need 
for htgh-throughput screening and identification of compound-target reactions in 
5 order (o identify potential drag candidates. 

Liquid chromatography (LC)ia a wefl-estebushed analytical method 
for separating cotnponenls of a fluid for snbse q „e„ t analysis and/or identification 
Tradmonally, liquid chromatography utilizes a separation coiuran, snch as a 
cylindrical tube witit dimensions 4.6 mm inner diameter hy 25 cm length, fi lled with 

are bemg used in shorter length columns. The small oarticle si~ 

surface area tha, can he modified with various chemistries creating' a s^plase 
A l.qutd eluen, ,s pumped through the LC column a, an optimized flow rate based on 
the column dimensions and particle size. This liquid eluen. is referred ,o as the 
mobtle phase. A volume of sample is injected into the mobile phase prior to the LC 
column. The analy.es in the sample interact with the stationary phase based on the 
partition coefficients for each of the analy.es. The partition eoefficien. is defined as 
the ratio of fire time an analyte spends in.erac.ing with fte slat io„ary phase , o ^ 
spent mteracling with ,he mobile phase. The longer an analyte interacts with the 
stattonary phase, the higher the partition coefficient and the longer the analyte is 
retained on the LC column. The diflusion rate for an analyte thraugh a mobile phase 
(mobtle-phase mass tiansfer) also affects the partition coefficient. The mobile-phase 
mass transfer can be rate limiting in the performance of the separation column when i. 
is greater than 2 pm (Knox, J.H.J. LUitomatQgE^Sci, 1 8:453-461 (,980)). ,„ cre ases 
m chromatographic separation are achieved when using a smafler particle size as the 
stationary phase support. 

The purpose of the LC column is to separate analy.es such tha. a 
umque response for each analyte from a chosen detector can be acquired for a 
quanmative or qualitative measurement. The ability of a LC column to generate a 
separata is determined by the dimensions of the column and the particle size 
supporting the stationary phase. A measure of the ability of LC columns to separate a 
gtven analyte is referred ,„ as the theoretical plate number N. The retention time of 
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an analyte can be adjusted by varying the mobile phase composition and the partition 
coefficient for an analyte. Experimentation and a fundamental understanding of the 
partition coefficient for a given analyte determine which stationary phase is chosen. 

To increase the throughput of LC analyses requires a reduction in the 
5 dimensions of the LC column and the stationary phase particle dimensions. Reducing 
the length of the LC column from 25 cm to 5 cm will result in a factor of 5 decrease in 
the retention time for an analyte. At the same time, the theoretical plates are reduced 
5-fold. To maintain the theoretical plates of a 25 cm length column packed with 5 \im 
particles, a 5 cm column would need to be packed with 1 fim particles. However, the 
1 0 use of such small particles results in many technical challenges. 

One of these technical challenges is the backpressure resulting from 
pushing the mobile phase through each of these columns. The backpressure is a 
measure of the pressure generated in a separation column due to pumping a mobile 
phase at a given flow rate through the LC column. For example, the typical 
15 backpressure of a 4.6 mm inner diameter by 25 cm length column packed with 5 jum 
particles generates a backpressure of 100 bar at a flow rate of 1 .0 mL/min. A 5 cm 
column packed with 1 fim particles generates a back pressure 5 times greater than a 
25 cm column packed with 5 \im particles. Most commercially available LC pumps 
are limited to operating pressures less than 400 bar and thus using an LC column with 
20 these small particles is not feasible. 

Detection of analytes separated on an LC column has traditionally been 
accomplished by use of spectroscopic detectors. Spectroscopic detectors rely on a 
change in refractive index, ultraviolet and/or visible light absorption, or fluorescence 
after excitation with a suitable wavelength to detect the separated components. 
25 Additionally, the effluent from an LC column may be nebulized to generate an aerosol 
which is sprayed into a chamber to measure the light scattering properties of the 
analytes eluting from the column. Alternatively, the separated components may be 
passed from the liquid chromatography column into other types of analytical 
instruments for analysis. The volume from the LC column to the detector is 
30 minimized in order to maintain the separation efficiency and analysis sensitivity. All 
system volume not directly resulting from the separation column is referred to as the 
dead volume or extra-column volume. 



WO 00/52455 _ 

9 A PCT/US00/05123 

-6- 

The notarization of liqu id separation techniques ,o the nano-scale 
afcs < 300 rflVmm). Cumn%> tectaiques such ^ capiuaiy ^ 
(CZE), ano-LC, open tubular liquid ehromatogntphy (OTLC), and capitiary 
elecfiocWtnatography (CEC) offer nunterous advantages over conventionale 
htgh performance hquid chromatography (HPLC). These advances include higher 

- -p,mg of 2-dimensiona, technique, One challenge to using miniaturild 
epanmon techniques is detection of me smati peah voiumes and a limited number of 
^m.lcanaecommodatemesesmalWolmneo. However, eoupting of iolfl 1 
rate hqmd separate techniques ro elecrrospray mass spectrometrv rl! ., . 
common of techniques that are wel , suited as demonstrated fa ] „ " ~ ^ 

«al, R a p, dr o mmn nM n 1 ,S B£Sttg m. 1 2:U87.9 1 (,998). Theprocessof 

„»«, , , ^'^^^'^^^'^^theelectiophoretic 
nature of molecules a„d/„r me electroosmotic flow of fluids in smafl capitiary u bes t 
sepamte component of a fluid. TypicaHy, a firsed silica capiflary of , 00 pmler 
<W,er or less is fitied with a buffer solution containing an electrolyte. Each end of 
^*«P^ i »a S epa ra te fl mdic„ M n W mn g ahuffere.ecti„ 1 y t 1 

v^ge rspiacedinthe other "uffet reservoir. Positively and negatively charged 

es wtfl mtgrate m opposite dictions ^ to 8 
me eleotitc Add estabhshed by tire two potential vohages applied to tite buffe 
reservmrs. Electroosmotic flow is defined as the fluid flow a.„„g to walls of a 
captllary due to tite migration of charged species fiom the buffer solution under the 
■nfiuence of tite apphed Cectric fieid. Some moiecu.es exist as charged species ! en 

e mdecular spec.es. This migration is defined as eleCrophoretic mobflity The 
electroosmotic flow and the Cectiophoretic mobitity „f each component of a fluid 
determmethe overal, migration for each fluidic component. The fluid flow profrie 
-uhtng fiom elecoosmotic flow is flat due to the reduction in fiictiona, drag a , 0 „ g 
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the walls of the separation channel. This results in improved separation efficiency 
compared to liquid chromatography where the flow profile is parabolic resulting from 
pressure driven flow. 

Capillary electrochromatography is a hybrid technique that utilizes the 
5 electrically driven flow characteristics of electrophoretic separation methods within 
capillary columns packed with a solid stationary phase typical of liquid 
chromatography. It couples the separation power of reversed-phase liquid 
chromatography with the high efficiencies of capillary electrophoresis. Higher 
efficiencies are obtainable for capillary electrochromatography separations over liquid 
10 chromatography, because the flow profile resulting from electroosmotic flow is flat 
due to the reduction in frictional drag along the walls of the separation channel when 
compared to the parabolic flow profile resulting from pressure driven flows. 
Furthermore, smaller particle sizes can be used in capillary electrochromatography 
than in liquid chromatography, because no backpressure is generated by 
15 electroosmotic flow. In contrast to electrophoresis, capillary electrochromatography 
is capable of separating neutral molecules due to analyte partitioning between the 
stationary and mobile phases of the column particles using a liquid chromatography 
separation mechanism. 

Microchip-based separation devices have been developed for rapid 
20 analysis of large numbers of samples. Compared to other conventional separation 
devices, these microchip-based separation devices have higher sample throughput, 
reduced sample and reagent consumption, and reduced chemical waste. The liquid 
flow rates for microchip-based separation devices range from approximately 1 - 
300 nanoliters (nL) per minute for most applications. Examples of microchip-based 
25 separation devices include those for capillary electrophoresis ("CE")> capillary 
electrochromatography ("CEC") and high-performance liquid chromatography 
O'HPLC") include Harrison et ah, Science 261 :859-97 (1993); Jacobson et al., Anal. 
Cherp f 66:1 1 14-18 (1994), Jacobson et al., Anal. Chem. 66:2369-73 (1994), Kutter et 
al., Anal. Chem. 69:5165-71 (1997) and He et al., Anal. Chem. 70:3790-97 (1998). 
30 Such separation devices are capable of fast analyses and provide improved precision 
and reliability compared to other conventional analytical instruments. 
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some fth ^™\ W ° rkOfHee, ^ >amLXtot70:379( '-"(>^8)demo 1 ,s trat es 
ome o the types of structures ftal can ^ . , 

shows that co ;l oca,ed monohthic support structures (or ^ ^ ^ 

«producrb ly ,„ a g ,ass substrate using reactive ion etching (RIE) techniques 
Cttttenfly amsotropic WE , eclmiques for gla$s substKtes ^ ^ 

w.d,h by , 0 urn in depth posts and stated tha, deeper structures were difficult 1 
ac .eve. The posts are a,so separated by , , pm. The posts s„pp„ ns the stationary 
Pfcse m as the paruCes in LC and CEC coiumns. A „ advanlage ,„ ^ ^ 
■0 over conventtona, LC and CEC is that the stationary phase support structures a 
monohthtc with the substrate and thereW i „,„ 

, "illVUilV, 

He et. al„ also describes the importance of maintaining a constant 
cross-secona, area across me entire iength of me separation channe, Urge 

-5 ZT. to r,T SeC,i0na ' ~ ^ °~ """" ^ * ~ «Hve„ flow 
system, In eicchxthnettcafly driven flow systems, iarge variations in the cross- 

zr* zt ^ lcn6th ; f a separa,ion cham,e ' ^ creaK fl ™ — - 

re ul, m b„bb,e formatton „ ^ ^ ^ ^ ^ 

*e separatmn channe, Amotions as the source and carrier of the mobiie sold iol 

Electrospmy ionization provides for me atmospheric pressure 
tontzatton of a Hamd sampie. The efectrospray process creates highiy-charged 

the oiutton. An ton-santpbng orifice of a mass spectrometer ntay be used to samp.e 
1 in S ™ ^ ^ schematic of an electrospray system 5(Hs 

*own,nF,G. ,A. An^ctrospray is produced when a sufficient electrica, potenfia, 

zzi r T me e,ec,rode 54 ,o generate a — " 

Ime emana ta g fh,m *e „p or end of a capiUary 56. When a positive voitage V is 
prov.de a, fite ion samp.ing orifice of a mass spectrometer, the eiecric fieid causes 
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the capillary. When a negative voltage V spray is applied to the tip of the capillary 
relative to an extracting electrode, such as one provided at the ion-sampling orifice to 
the mass spectrometer, the electric field causes negatively-charged ions in the fluid to 
migrate to the surface of the fluid at the tip of the capillary. 
5 When the repulsion force of the solvated ions on the surface of the 

fluid exceeds the surface tension of the fluid being electrosprayed, a volume of the 
fluid is pulled into the shape of a cone, known as a Taylor cone 58, which extends 
from the tip of the capillary 56. A liquid jet 60 extends from the tip of the Taylor 
cone and becomes unstable and generates charged-droplets 62. These small charged 

10 droplets are drawn toward the extracting electrode 54. The small droplets are highly- 
charged and solvent evaporation from the droplets results in the excess charge in the 
droplet residing on the analyte molecules in the electrosprayed fluid. The charged 
molecules or ions are drawn through the ion-sampling orifice of the mass 
spectrometer for mass analysis. This phenomenon has been described, for example, 

1 5 by Dole et aL, Chem. Phvs. 49:2240 (1 968) and Yamashita et aL J. Phvs. Chem. 
88:4451 (1984). The potential voltage required to initiate an electrospray is 
dependent on the surface tension of the solution as described by, for example, Smith, 
IEEE Tr^ns. Ind. App l. 1986, IA-22:527-35 (1986). Typically, the electric field is on 
the order of approximately 10 6 V/m. The physical size of the capillary and the fluid 
20 surface tension determines the density of electric field lines necessary to initiate 
electrospray. 

When the repulsion force of the solvated ions is not sufficient to 
overcome the surface tension of the fluid exiting the tip of the capillary, large poorly 
charged droplets are formed as shown in FIG. IB. Fluid droplets 64 are produced 

25 when the electrical potential difference V drop i e t applied between a conductive or partly 
conductive fluid exiting a capillary 52 and an electrode is not sufficient to overcome 
the fluid surface tension to form a Taylor cone. 

Electrospray Ionization Mass Spectrometry: Fundamentals. 
Instrumentation, and Applications, edited by R.B. Cole, ISBN 0-471-14564-5, John 

30 Wiley & Sons, Inc., New York summarizes much of the fundamental studies of 
electrospray. Several mathematical models have been generated to explain the 
principals governing electrospray. Equation 1 defines the electric field E c at the tip of 
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a capfllary f dius r< wj(h m appIfcd vQ]tage v< a a Qistace d ^ 
electrode held at ground potential: 



10 



15 



W4dlr e ) 0) 



The electric field E on required for the formation of a Taylor cone anH 
'Wofafiuid^ 



an 



whe re y is the surface tension „ f fte flu . dj 9 js fte fc 
Taylor cone ^ ^ is ^ of _ ^ 3 . 

—s 1 and 2 and approxitna.es ,he onset voltage V- , q ^ ™« 

electrospray of a fluid from a capillary: 



—J tn « d 'V (3) 



and 000 V a. related ,o surface tension of a fluid un d e rEoing e ,eo tr o spr a y from the 
20 "P^-P'^wi.na.venou.e.dian.e.e, The diaan, of the c Ja^pll 

captflary dtanreters that fafl be.ow the curves wi„ „ . ^ elec(rospray J 
as.venonse.voaage. As ean be seen by exan.in.tion of eouaflon 3, the req „i, d 
onae voflage ,s tnore dependent on the capiflay ra dius than the distance front the 
25 counter-electrode. 

It would be desirable ,o deflne an etarospray device that could fornt a 
stab.e electrospray of a., fluids cotnnronly user, in CE, CEC, and LC The surface 

front ,00/„a q ueous( r = 0.073 NAn),o ,00% methanol < r - 0.0226 N/nt). Figure ,C 
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indicates that as the surface tension of the electrospray fluid increases, a higher onset 
voltage is required to initiate an electrospray for a fixed capillary diameter. As an 
example, a capillary with a tip diameter of 14 |im is required to electrospray 100% 
aqueous solutions with an onset voltage of 1000 V. The work of M.S. Wilm et al., 
5 Int. J. Mass Spectrom. Ion Processes 136:167-80 (1994), first demonstrates 

nanoelectrospray from a fased-silica capillary pulled to an outer diameter of 5 \im at a 
flow rate of 25 nL/min. Specifically, a nanoelectrospray at 25 nL/min was achieved 
from a 2 jam inner diameter and 5 Jim outer diameter pulled fused-silica capillary with 
600-700 V at a distance of 1-2 mm from the ion-sampling orifice of an electrospray 
1 0 equipped mass spectrometer. 

Electrospray in front of an ion-sampling orifice of an API mass 
spectrometer produces a quantitative response from the mass spectrometer detector 
due to the analyte molecules present in the liquid flowing from the capillary. One 
advantage of electrospray is that the response for an analyte measured by the mass 
1 5 spectrometer detector is dependent on the concentration of the analyte in the fluid and 
independent of the fluid flow rate. The response of an analyte in solution at a given 
concentration would be comparable using electrospray combined with mass 
spectrometry at a flow rate of 1 00 ^L/min compared to a flow rate of 1 00 nL/min. 
D.C. Gale et al., Rapid Commun. Mass Spectrom. 7:1017 (1993) demonstrate that 
20 higher electrospray sensitivity is achieved at lower flow rates due to increased analyte 
ionization efficiency. 

Attempts have been made to manufacture an electrospray device for 
microchip-based separations. Ramsey et al., Anal Chem. 69:1 174-78 (1997) 
describes a microchip-based separations device coupled with an electrospray mass 
25 spectrometer. Previous work from this research group including Jacobson et al., Anal. 
Chem- 66:1 1 14-18 (1994) and Jacobson et al., Anal. Chem. 66:2369-73 (1994) 
demonstrate impressive separations using on-chip fluorescence detection. This more 
recent work demonstrates nanoelectrospray at 90 nL/min from the edge of a planar 
glass microchip. The microchip-based separation channel has dimensions of 10 jam 
30 deep, 60 (am wide, and 33 mm in length. Electroosmotic flow is used to generate 
fluid flow at 90 nL/min. Application of 4,800 V to the fluid exiting the separation 
channel on the edge of the microchip at a distance of 3-5 mm from the ion-sampling 
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evaporation before the ions enter the orifice. The extension of the nozzle from the 
edge of the microchip also exposes the nozzle to accidental breakage. More recently, 
T. D. Lee et.al., in 1999 Twelfth IEEE International Micro Electro Mechanical 
Systems Conference (January 17-21, 1999), presented this same concept where the 
5 electrospray component was fabricated to extend 2.5 mm beyond the edge of the 
microchip to overcome this phenomenon of poor electric field control within the 
proximity of a surface. 

In all of the above-described devices, generating an electrospray from 
the edge of a microchip is a poorly controlled process. These devices do not define a 
1 0 nozzle and an electric field around the nozzle that is required to produce a stable and 
highly reproducible electrospray. In another embodiment, small segments of fused- 
silica capillaries are separately and individually attached to the chip's edge. This 
process is inherently cost-inefficient and unreliable, imposes space constraints in chip 
design, and is therefore unsuitable for manufacturing. 
1 5 Thus, it is also desirable to provide an electrospray device with 

controllable spraying and a method for producing such a device that is easily 
reproducible and manufacturable in high volumes. 

U.S. Patent 5,501,893 to Laermer et. al., reports a method of 
anisotropic plasma etching of silicon (Bosch process) that provides a method of 
20 producing deep vertical structures that is easily reproducible and controllable. This 
method of anisotropic plasma etching of silicon incorporates a two step process. Step 
one is an anisotropic etch step using a reactive ion etching (RIE) gas plasma of sulfur 
hexafluoride (SF 6 ). Step two is a passivation step that deposits a polymer on the 
vertical surfaces of the silicon substrate. This polymerizing step provides an etch stop 
25 on the vertical surface that was exposed in step one. This two step cycle of etch and 
passivation is repeated until the depth of the desired structure is achieved. This 
method of anisotropic plasma etching provides etch rates over 3 ^im/min of silicon 
depending on the size of the feature being etched. The process also provides 
selectivity to etching silicon versus silicon dioxide or resist of greater than 100:1 
30 which is important when deep silicon structures are desired. Laermer et. al., in 1999 
Twelfth IEEE International Micro Electro Mechani cal Systems Conference (January 
17-21, 1999), reported improvements to the Bosch process. These improvements 
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include silicon etch rates approaching ,0 pm/min, selectivity exceeding 300 1 ,o 
srhcon dioxide masks, and more uniform etch rates for features that vary in si 2 e 

The electrical properties of silicon and si.ieon-based materials are „el. 
. -c.er.zed. The use of silicon dioxide and siltcon „ it ride layers grown or deposited 
on the surfaces of a silicon suhstrate are well known ,„ provide electrica , in J 
properties. Silicon dioxide layers may he grown thermally in an oven t0 a desired 
mtckness. Silicon nitride can be deposited using ,„ wpressure chemica , 
deposition (LPCVD). Metals may he further vapor deposit on these surfaces to 
prov.de for application of a potential voltage on the surface of ,he device Both 
sthcon dioxide and silicon nitride function as electrica! insulators allowing rhe 
apphcation of a potential voltage to the substrate that is different than ,„„ „™„.h 
the surface of the device. An important feature of a silicon nitride layer is Zu " 
provides a moisture barrier between the silicon substrate, silicon dioxide md any md 
samp e d, at M mes in contact with the device. Silicon nitride prevents water and ions 
from dosing through the silicon dioxide layer to the silicon substrate which may 
cause an electrical breakdown between the fluid and the silicon substrate. Additional 
layers of silicon dioxide, metals and other materials may further be deposited on the 
sthcon nitride layer to provide chemical functionality to sihcon-based devices 

The present invention is directed to overcoming the deficiencies in 
) prior electrospray systems. 



SUMMARY OF THE INVENTION 

The present invention relates to an electmspray device which 
comprise, a substtate having an injection surface and an ejection surface opposing the 
mtection surface with the substrate being an integral monolith. An entrance orifice is 
postttonefi on the injection surface, while an exit orifice is on the ejection surface A 
channel extends between the entrance orifice and the exit orifice. A recess surrounds 
the extt onfice and is positioned between the injection surface and the ejection 
surface. The electiospray device has voltage application system consisting essentially 
of a first decode artached ,„ tire subacute to impart a firs, potential to the substrate 
and a second electrode to impart a second potential, where the firs, and ,he second 
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electrodes are positioned to define an electric field surrounding the exit orifice. This 
device can be used in conjunction with systems for processing droplet/sprays, 
methods of generating an electrospray, a method of mass spectrometeric analysis, and 
a method of liquid chromatographic analysis. 
5 Another aspect of the present invention is directed to an electrospray 

device which includes a capillary tube having a passage for conducting fluids through 
the capillary tube and connecting an entrance orifice and an exit orifice, a first 
electrode circumscribing the capillary tube proximate the exit orifice, and a second 
electrode to impart a second potential. The first and the second electrodes are 
10 positioned to define an electric field surrounding the exit orifice. 

Another aspect of the present invention relates to a method of 
producing an electrospray device which includes providing a substrate having 
opposed first and second surfaces, each coated with a photoresist. The photoresist on 
the first surface is exposed to an optical image to form a pattern is the form of a spot 
1 5 on the first surface. The photoresist on the first surface where the pattern is removed 
to form a hole in the photoresist. Material is removed from the substrate coincident 
with the hole in the photoresist on the first surface to form a channel extending 
through the photoresist on the first surface and through the substrate up to the 
photoresist on the second surface. The photoresist on the second surface is exposed to 
20 an image to form an annular pattern circumscribing an extension of the channel 

through the photoresist on the second surface. The photoresist on the second surface 
having the annular pattern is then removed, and, next, the material from the substrate 
coincident with the removed annular pattern in the phototresist on the second surface 
is removed to form an annular recess extending partially into the substrate. All 
25 coatings from the first and second surfaces of the substrate are removed to form the 
electrospray device. 

Another aspect of the present invention relates to a method of 
producing an electrospray device. This method includes providing a substrate having 
opposed first and second surfaces, each coated with a photoresist. The photoresist is 
30 exposed on the first surface to an image to form a pattern in the form of at least 3 

substantially aligned spots on the first surface. The photoresist on the first surface is 
removed where the pattern is to form 3 holes in the photoresist corresponding to 
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where the spots in the photoresist were. Materia, front the substrate coincident with 
the removed pattern in the photoresist on the firs, surface is then removed to form a 
centra, ^channel ahgned with and hetween two outer channels. The channels extend 
dtrough the photoresist on the firs, surface and into the substtate. The central channel 
has a dtameter which is less man that of the outer channels such tha. the centra, 
channel extends farther from the second surface of the substrate than the outer 
channels which extend up to the photoresist on the Ac second surface The 
Photoresist on the second surface is exposed to an hnage which fotnts an an„u.ar 
pattern circumscribing a spot, where the spot is coincident with an extension of the 
centtal channe! through the photoresist on the second surface and a portion of the 
substrate. The photoresist on the second surface is removed where the ann„,a r „,„™ 
ascribing the spot is. Materia! front the substrate coincident with the removed"' 
pattern in the photoresist on the second surface is then removed. This forms an 
annular recess extending partially into the substrate and circumscribing the central 
channel which extends through the substrate and the photoresist on the first and 
second surfaces. AH coatings from the firs, and second surfaces of the substrate are 
then removed. All surfaces of the substrate are then coated with an insulating 
material to form the electrospray device. 

Another aspect of the present invention relates to a method of forming 
a hquid sepamtion device. This method involves providing a substrate having 
opposed firs, and second surfaces, each coated with a photoresist. The phoresis, is 
exposed on the firs, surface to an image ,o form a pattern in me form of a p.uratity of 
spots on me firs, surface. The phoresis, on the firs, surface where the pattern is is 
removed ,o form a plurality of ho!es in the photoresist corresponding ,„ where the 
spots in the photoresist were. Material from the substrate coincident with where the 
pattern in fine photoresist on the firs, surface has been removed is then removed This 
forms a large reservoir proximate a firs, end of me substmte and a plurality of waiter 
botes closer to a second opposite end of the substmte than the reservoir. The reservoir 
and holes extend through the photoresist on fit. firs, surface and partially into the 
sulfate. The smafier holes and the surfaces of fine reservoir are filted with a coating 
and a fitrther photoresist layer is applied over tine coating on the surfaces of the ' 
reservoir, the filled holes, and the photoresist on tite firs, surface. The ftirther 
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photoresist is exposed to an image to form a pattern in the form of spots, with one 
spot coincident with what was the reservoir and the other spot being closer to the 
second end of the substrate than the filled holes. The further photoresist is removed 
where the pattern is to form holes corresponding to where the spots in the photoresist 
5 were. Material is removed from the substrate coincident with where the pattern in the 
further photoresist has been removed to form a pair of channels. A first channel 
extends through what was the reservoir up to the photoresist on the second surface. A 
second channel extends through the substrate up to the photoresist on the second 
surface at a location closer to the second end of the substrate than the filled holes. All 
10 coatings from the first and second surfaces of the substrate are removed, and all 
surfaces of the substrate are coated with an insulating material to form the liquid 
separation device. 

Another aspect of the present invention relates to a system for 
processing droplets/sprays of fluid which includes an electrospray device. The 

15 electrospay device contains a substrate having an injection surface and an ejection 

surface opposing the injection surface. The substrate comprises an entrance orifice on 
the injection surface, an exit orifice on the ejection surface, a channel extending 
between the entrance orifice and the exit orifice, and a recess extending into the 
ejection surface and surrounding the exit orifice. The system further includes a device 

20 to provide fluid to the electrospray device which includes a fluid passage, a fluid 
reservoir in fluid communication with the fluid passage, a fluid inlet to direct fluid 
entering the device into the fluid reservoir, and a fluid outlet to direct fluid from the 
fluid passage to the entrance orifice of the electrospray device. The cross-sectional 
area of the entrance orifice of the electrospray device is equal to or less than the cross- 

25 sectional area of the fluid passage. 

The present invention achieves a significant advantage in terms of 
high-throughput distribution and apportionment of massively parallel channels of 
discrete chemical entities in a well-controlled, reproducible method. An array of 
dispensing nozzles is disclosed for application in inkjet printing. When combined 

30 with a miniaturized liquid chromatography system and method, the present invention 
achieves a significant advantage in comparison to a conventional system. 
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The present invention insulates a flnid introdueed to the electrospray 
dev.ee from the silieon subarate of the device. This insulation is in the form of 
stheon dioxide and si.ieon nitride layers contained on the surfaces of the electrospray 
dev fee. These insulating iayers a„ow for independent appiication of a voltage to the 
tod tntroduced to the electrospray device and the voltage applied to the substrate 
The tndependent voltage application «o the fluid and substrate allow for control of the 
electric field around the exit orifice of the nozzle on the ejection surface of the 
electrospray device independent of the need for any additional electrodes or voltages 
Thts, contbtned with Ac dhnensions of the nozzle formed f rora the ejeclion surface rf 
.he electrospray device and the fluid surface tension, determine the electric field and 
voltages required for the fixation of droplets or an electrospray from this mv^ 
The electrospray device of the present invention can be integrated with 
mtcrochip-based devices having atmospheric pressure ionization mass spectrometry 
(API-MS) instruments. By generating an electric field a. the tip of a nozzle which 
extsts m a planar or near planar geometiy with the ejection surface of a substrate fluid 
droplets and an electrospray exiting the nozzle on the ejection surface are efficiently 
generated. When a nozzle exists in mis co-p,a„ar or near planar geometiy, the electric 
field hnes emanating from the tip of me nozzle will no. be enhanced if the electric 
field around the nozzle is not defined and controlled. 

Control of the electric field at the tip of a nozzle formed from a 
substrate for the efficient formation of droplets and electrospray from a microchip is 
an tmportan. aspect of the present invention. This was determined using a fused-silica 
eaptllary 52 pulled to an outer diameter of approximately 20 pm and inserted through 
a nng electrode 70 with a I mm diameter as shown in FIG. 2. FIG. 2A shows a plan 
vtew of the capillary/ring electrode experiment FIG. 2B shows a cross-sectional 
vtew of the capillaty/ring electrode experiment. The capillary tip 56 is inserted up ,„ 
5 mm through the ring electrode 70 in front of an ion-sampling orifice 54 of a mass 
spectrometer equipped with an electrospray ion source. A voltage of 700 V is applied 
to an aqueous fluid V„ uM flowing to the capillary tip a, a flow rate of 50 nL/min The 
nng electrode 70 is mounted on an XYZ stage ,„ allow the ring electrode to be moved 
slowly forward to the point at which the capillary tip 56 is co-planar with the ring 
electrode 70 as shown in FIGS. 2C and 2D. The voltage applied to the ring electrode 
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V r ing is variable. The voltage applied to the ion-sampling orifice 54 is 80 V. When 
the fluid voltage and the ring electrode voltage are maintained at 700 V in the co- 
planar geometry, the electrospray is disrupted and no longer forms an electrospray. 
Depending on the Vfl U jd/V r j ng ratio for a fixed distance from a counter electrode 54, 
5 fluidic droplets can be controllably dispensed from the capillary tip as shown in FIG. 
2C. In this case, minimally-charged, larger droplets are formed with the droplet 
diameter dependent on the electric field established by the Vfl U i d /V rin g ratio, fluid 
surface tension, fluid conductivity, capillary tip diameter and distance from a counter 
electrode. Application of a voltage of 0 V to the ring electrode 70 results in the 
10 formation of a stable electrospray once again as shown in FIG. 2D. FIG 2D shows a 
Taylor cone 58, liquid jet 60 and plume of highly-charged droplets 62. 

The response of the analyte measured by the mass spectrometer 
detector increases beyond that of a capillary with no ring electrode present upon 
increasing the ring electrode voltage to 350 V. A Vfl U jd/V r j ng ratio of less than 
15 approximately two for a fixed distance from a counter electrode reduces the electric 
field at the capillary tip to the point where a stable electrospray is no longer 
sustainable and larger droplet formation is observed. These results indicate that an 
important feature of any integrated monolithic device designed for droplet formation 
or electrospray is control of the electric field around the orifice of a nozzle in a co- 
20 planar or near planar geometry. 

The present invention provides a microchip-based electrospray device 
for producing reproducible, controllable and robust nanoelectro spray of a liquid 
sample. The electrospray device is designed to enhance the electric field emanating 
from a nozzle etched from a surface of a monolithic silicon substrate. This is 
25 accomplished by providing insulating layers of silicon dioxide and silicon nitride, for 
example, for independent application of a potential voltage to a fluid exiting at the tip 
of the nozzle from a potential voltage applied to the substrate sufficient to cause an 
electrospray of the fluid. The enhanced electric field combined with the physical 
asperity of the nozzle allow for the formation of an electrospray of fluids at flow rates 
30 as low as a few nanoliters per minute. The large electric field, on the order of 

10 6 V/m or greater and generated by the potential difference between the fluid, and 



20 



25 



30 



WO 00/52455 ^ 

9 Q PCT/USOO/05123 

- 20 - 

the substrate is thus applied directly to the fluidic cone rather than uniformly 
distributed in space. 

To generate an electrospray, fluid may be delivered ,„ ,he through- 
substrate channel of the electrospray device by, for example, a capiflary, micropipet, 
5 or m.crochn, The fluid is subjected to a po.en.ia, vohage V„ uia via an electrode 

provided on ,he injeclion surface and iso h ,ed from me surrounding surface region and 
he suhstrate. A potentia, voltage W may also be applied to me silicon substrate 
the magnimde of which is preferably adjustable for optimization of me electrospray 
characteristics. The fluid flows through the channel and exits from the nozzle in ,he 
form of a Taylor cone, liquid jet, and very fine, highly charged fluidic droplets I, is 
the relative electric potential difference between me fluid and substrate voltazes tha, 
affect the electric field. This invention provides a method of controlling the electric 
field at tire tip of a nozzle to achieve the desired electric field for the application. 

The method of fabricating an electrospray device in accordance with 
the present invention is also advantageous. After injection side processing is 
completed, me through-substrate channel is etched to a final depth, the photoresist is 
removed, and me substrate is subjected ,„ an elevated temperature in an oxidizing 
ambten. environment to grow 1-4 urn of silicon dioxide on the walls of me through- 
substrate channel. This layer of silicon dioxide on the walls of the through-substiate 
channel provides an etch-stop during further processing of the substrate to define the 
recessed annular region. The recessed annular region may be patterned and etched 
from etther me injection or ejection aide of ,he substrate when me through-substrate 
channel is etched through the entire silicon substrate to the silicon dioxide etch stop 
on the ejection side of me substrate. If the through-substrate channel is no. etched 
completely fhrough fhe aubsti-ate, the recessed annular region is e,ehed from the 
ejection side of the substrate. The recessed annular region may be patterned and 
etched ,o form the silicon dioxide nozzle for injection side processing or for ejection 
side processing. 

This method does no. require high alignment accuracy of fealures from 
me mjection and ejection side processing ,o define me nozzle wall .hickness thus 
stmphfying ,he method. This method allows nozzles of decreasing size to be 
reproducibly manufactured and does no. require me through-substrate channel to be 
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etched completely through the substrate. The silicon dioxide layer that is grown on 
the walls of the through-substrate channel determines the wall thickness of the nozzles 
using this method. The desired nozzle size and use of the electrospray device 
determines which method is preferred. This fabrication sequence confers superior 
5 mechanical stability to the fabricated electrospray device by etching the features of 
the electrospray device from a monocrystalline silicon substrate without any need for 
assembly. Further, use of a visible alignment mark as described in the fabrication 
sequence of this device allows for alignment of injection side and ejection side 
features to better than 1 jum. This allows for overall nozzle dimensions that are 

1 0 smaller than previously achieved that use prior disclosed alignment schemes using 
infrared light. Control of the lateral extent and shape of the recessed annular region 
provides the ability to modify and control the electric field between the electrospray 
device and an extracting electrode. 

This fully integrated monolithic electrospray device may be coupled 

15 with a miniaturized monolithic chromatography or other liquid sample handing 

devices. In particular, the electrospray device used as a means of producing a fluidic 
cone for spectroscopic detection including laser induced fluorescence, ultraviolet 
absorption, and evaporative light scattering and mass spectrometry detection. An 
excitation source provides a light beam. A detector detects the emission or 

20 absorbance or light scattering properties of the analytes in the fluidic Taylor cone. 

The microchip-based electrospray device of the present invention 
provides minimal extra-column dispersion as a result of a reduction in the extra- 
column volume and provides efficient, reproducible, reliable and rugged formation of 
an electrospray. This electrospray device is perfectly suited as a means of 

25 electrospray of fluids from microchip-based separation devices. The design of this 
electrospray device is also robust such that the device can be readily mass-produced 
in a cost-effective, high-yielding process. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

Figure 1A shows a schematic of an electrospray system emitting small 
charged droplets. 

5 Figure 1B shows a schematic ofan electrospray system emitting poorly 

charged droplets. F ' 

Figure 1C shows a graph plotting the surface tension of a solution 
versus the capillary tip diameter for onset voltages of 500, 750, 1 000, and 1 500 volts 

1 0 Z 11 mm diStanCe b6tWeen ^ * ^ ^ C0UnterdeCtr0de ° f « ^spray 

Figures 2A to D show an electrospray system and the effect of the 

pos.tion of the capillary tip relative to the rina eWWo „„ *u„ , 

„ U11 U1<- uiopici aiameter of the 

spray. 

Figures 3 A toe show, respectively, a perspective view, a plan view 
and a cross-sectional view ofan electrospray device in accordance with the present' 
tnventton. Figure 3C is a cross-sectional view taken along line 3C-3C of Figure 3B 
F.gure 3D shows a cross-sectional view ofan alternative embodiment ofan 
electrospray device in accordance with the present invention. Figures 3E and 3Fsh„„ 
«he use of me electrospray device of ,he presen, invention to generate a fine spray and 
mmtmally charged droplets. Figure 30 shows the use of the electrospray device of 
fte present invention in conjunction with a minaturized monolithic chromatography or 
other liquid sample handhng device. Figure 3H is a cross-scctiona. view showing the 
electrospray device of the present invention coupled with a fluidic probe. Figure 31 „ 
a perspective view of me injection side of tire electrospray device of Figure 3H. 

Figure 4A is a photograph showing an electrospray device in 
accordance with the present invention. Figure 4B is a perspective view ofan 
electrospray device in accordance with the presen. invention. Figure 4C shows a 
perspective view ofan e.ecfrospray device in accordance with the present invention 
generating an e.ectrospray. Figure 4D is a mass spectrum of a Resperine solution 
sprayed from the electrospray device of the present invention. Figure 4E is a mass 
spectrum of 1 nM of Cytochrome C solution sprayed fr om the electrospray device of 
the present invention. Figure 4F is a mass spectrum of 0.1 „M of Cytochrome C 
solunon sprayed from the electrospray device of thepresent invention 
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Figures 5A to 5B show a perspective view and a cross-sectional view, 
respectively, of a multiple array of electrospray devices in accordance with the 
present invention. Figure 5B is taken along line 5B-5B of Figure 5 A. 

Figures 6A to 6B show perspective views of alternative embodiments 
5 of microchip-based liquid chromatography devices in accordance with the present 
invention. Figure 6C is a cross-sectional view of the microchip-based liquid 
chromatography device of Figure 6B taken along line 6C-6C. 

Figures 7A to 7F show different separation post spacings. 

Figures 8 A to 8B show plan views of a computer-aided layout of a 
1 0 channel containing spaced posts for use in a liquid chromatography device in 
accordance with the present invention. 

Figures 9A-9E show one embodiment of a fabrication sequence for the 
injection side of an electrospray device; 

Figures 10A-10F show another embodiment of a fabrication sequence 
1 5 for the ejection side of an electrospray device; 

Figures 1 1 A-l ID show another embodiment of a fabrication sequence 
of the injection side of an electrospray device wherein a separate through-substrate 
alignment channel is incorporated into the device layout; 

Figures 12A-12E show another embodiment of a fabrication sequence 
20 of the ejection side of an electrospray device wherein a separate through-substrate 
alignment channel is incorporated into the device layout; 

Figure 13 shows an electrospray device with a sacrificial silicon 

dioxide layer; 

Figure 14 shows an electrospray device with a silicon dioxide and a 
25 silicon nitride layer; 

Figures 15 shows an electrospray device with a silicon dioxide, a 
silicon nitride layer, and a conductive metal electrode on the edge of the silicon 
substrate; 

Figures 16A-16I show an embodiment of a chromatography side 
30 fabrication sequence of an integrated liquid chromatography-electrospray device; 

Figures 17A-17D show another embodiment of an electrospray side 
fabrication sequence of an integrated liquid chromatography-electrospray device. 
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DETAILED DESCRIPTION OF THE INVENTION 

FIGS. 3A, 3B and 3C show, respectively, a perspective view, a plan 
vrew and a cross-secional view of an electrospray device 100 of the present 
mventioa The electrospray apparahrs of the present invention generaUy comprises a 
sthcon subsfrate, microchip or wafer 1 02 defining a throngh sub S ,ra,e channel 1 04 
between an entrance orifice 106 on an injection surface 108 and a nozzle ! !0 on an 
ejection snrfaee 112. The change, may ha Ve any suitab , e cross . sectiona| ^ 
a, crrcnlar or rectangular. The nozzle ,1 0 has an inner and an outer diameter and is 
defined by a recessed region 1 14. The reg.on 1 14 is recessed from the ejection 
surrace , I2 , extends outwardly from the nozzle 110 and may be annular. The tip of 
the nozzle 1 1 0 does no, extend beyond and is preferably coplanar or level with the 
ejection surface , 12 to thereby protect the nozzle 110 from accidental breakage. 

Preferably, the injection surface 108 is opposite the ejection surface 
112. However, the injection surface may be adjacent to the ejection surface such mat 
the ehannel extending between the entrance orifice and the nozzle makes a turn within 
the devtce. In such a oonfiguration, the electrospray device would comprise two 
substrates bonded together. The firs, substrate may define a mrough-subsfrate 
channel extending be,ween a bonding surface and fine ejection surface, opposite ,he 
bonding surface. The firs, substrate may further define an open chamtel recessed 
from the bonding surface extending from an orifice of me through-substrate channel 
and the mjeetion surface such that fire bonding surface of the second substrate 
encloses the open channel upon bonding of the firs, and second substrates 
Alternatively, tire second substrate may define an open channel recessed from the 
bondtng surface such tha, tire bending surface of the firs, substrate encloses the open 
channel upon bonding of the firs, and second subsfrates. In ye, an 0thcr variation ^ 
firs, subsfrate may further define a second mrough-subsfrate channel while the open 
channel extends between tire ,wo .hrongh-substiate channels. Thus, .he injection 
surface is the same surface as the ejection surface. 

The electrospray device 1 00 further comprises a layer of silicon 
dtoxtde 1,8 and a layer of silicon nitride 120 over the injection , 08, ejection 1 12, and 
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through-substrate channel 104 surfaces of the substrate 102. An electrode 122 is in 
contact with the substrate 102 on the edge 124 of the silicon substrate. The silicon 
dioxide 118 and silicon nitride 120 formed on the walls of the channel 104 electrically 
isolates a fluid therein from the silicon substrate 102 and, thus, allows for the 
5 independent application and sustenance of different electrical potentials to the fluid in 
the channel 104 and to the silicon substrate 102. Additional layers of silicon dioxide 
or other materials may be further deposited to provide for any required chemical 
functionality to the surface of the device. The ability to independently vary the fluid 
and substrate potentials allows the optimization of the electrospray through 
10 modification of the electric field, as described below. 

Alternatively as shown in FIG. 3D, the substrate 102 can be in 
electrical contact with the fluid in the through-substrate channel when appropriate for 
a given application. This is accomplished by selective deposition of silicon dioxide 
on the injection and ejection surfaces of the substrate and the through-substrate 
1 5 channel, followed by a selective deposition of silicon nitride 120 on the ejection 

surface. A region of the ejection surface 1 12 exterior to the nozzle 110 may provide a 
surface on which a conductive electrode 122 may be formed to modify the electric 
field between the ejection surface 1 12, including the nozzle tip 1 10, and the extracting 
electrode 54. In this case, the substrate potential voltage controls the electric field 
20 around the nozzle, the controlling electrodes 122 on the ejection surface 1 12 of the 
substrate 102, and the distance from the counter electrode 54. 

As shown in FIG. 3E, to generate an electrospray, fluid may be 
delivered to the through-substrate channel 104 of the electrospray device 100 by, for 
example, a capillary 52, micropipette or microchip. The fluid is subjected to a 
25 potential voltage Vfl U jd via a wire positioned in the capillary 52 or in the channel 104 
or via an electrode provided on the injection surface 108 and isolated from the 
surrounding surface region and the substrate 102. A potential voltage V sub strate may 
also be applied to the electrode 122 on the edge 124 of the silicon substrate 102 the 
magnitude of which is preferably adjustable for optimization of the electrospray 
30 characteristics. The fluid flows through the channel 1 04 and exits from the nozzle 
1 10 in the form of a Taylor cone 58, liquid jet 60, and very fine, highly charged 
fluidic droplets 62. The electrode 54 may be held at a potential voltage V ex tract such 
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that the highly-charged fluidic droplets are attracted toward the extracting electrode 
54 under the influence of an electric Held. 

In one embodiment, the nozzle 110 may be placed up to 1 0 mm from 
the ton-sampling orifice of an API mass spectrometer tha, may function as the 
5 extracting electrode 54. A po.en.ia! vollage V wa ranging from approximateiy 500 _ 
.000 V, such as 700 V, is appHed .o me fluid. A po.en.ia, voltage of ,he substra,e 
V— of less man half of the fluid potential voltage V„„ w , or 0-350 V, is applied ,o 
•he substmte ,o enhance the electric field strength a, the tip of , he nozzle 1 .0 The 
exacting electrode 54 may be held at or near ground potential v_ (0 V). Thus, a 
0 nanoelectrospray of a fluid i ntro duced to the electrospray device 100 is af.rac.ed 
toward the extracting electrode 54. 

The nozzle 1 1 0 provides me physical asperity ,„ promote the formation 
ofa Taylor cone and efficient elccnoapray of a fluid. The nozzle 1 1 0 also forms a 
continuation of and serves as an cxi. orifice of the through-substrate chamrel .04 
The recessed region f 14 serves ,„ physically isolate the nozzle 1 ,0 from the ejection 
surface 1 12. The present invention allows the optimization of the electric field lines 
emanating f ro „ me fluid exiting te n02zle , ,„ ^ ^ ^ ^ 

potential voltage V„ of the fluid and tire potential volfage V !ub „ rat 0 f the substrate. 

Dtmensions of the electtospray device 100 can be determined 
according ,„ various factors such as the specific application, the ,ay„u, design as well 
as the upstream and/or downstream device to which the electtospray device 1 00 is 
tnterfaced or integrated. Further, me dimensions of the channel and nozzle may be 
optimtzed for me desired flow rate of the fluid sample. The use of reactive-ion 
etching techniques allows for the reproducible and cos. effective production of smal. 
d,ameter nozzles, for example, a 2 pm inner diameter and 5 pm outer diameter. 

In one currently preferred embodimenl, the silicon substrate 102 of the 
electiospray device .00 is approximateiy 250-300 pm in thickness and me cross- 
sectional area of me through-substrate channel 104 is less than approximately 2 500 
pm . Where the channel 104 has a circular cross-sectional shape, me channel .04and 
the nozzle 1 1 0 have an inner diameter of up ,o 50 pm, more preferably up to 30 pm- 
me nozzle 1 1 0 has an outer diameter of up fo 60 pm, more preferably up ,o 40 pm- ' 
and nozzle ! 10 has a heigh, of (and mc reC essed portion 1 14 has a depti, of) up to ioo 



WO 00/52455 




PCT/US00/05123T 



-27- 



jim. The recessed portion 1 14 preferably extends up to 300 \im outwardly from the 
nozzle 1 10. The silicon dioxide layer 1 1 8 has a thickness of approximately 1 -4 jum, 
preferably 1-3 jam. The silicon nitride layer 120 has a thickness of approximately less 
than 2 |nm. 

5 Furthermore, the electrospray device may be operated to produce 

larger, minimally-charged droplets 126 as shown in FIG. 3F. This is accomplished by 
decreasing the electric field at the nozzle exit to a value less than that required to 
generate an electrospray of a given fluid. Adjusting the ratio of the potential voltage 
Vfl U id of the fluid and the potential voltage V sub strate of the substrate controls the electric 
10 field. A Vfluid/V S ubstrate ratio approximately less than 2 is required for droplet 

formation. The droplet diameter in this mode of operation is dependent on the nozzle 
diameter, electric field strength, and fluid surface tension. This mode of operation is 
ideally suited for conveyance and/or apportionment of a multiplicity of discrete 
amounts of fluids, and may find use in such devices as ink jet printers and equipment 

1 5 and instruments requiring controlled distribution of fluids. 

This fully integrated monolithic electrospray device may be coupled 
with a miniaturized monolithic chromatography or other liquid sample handing 
devices. FIG. 3G shows this electrospray device used as a means of producing a 
fluidic cone for spectroscopic detection including laser induced fluorescence, 

20 ultraviolet absorption, and evaporative light scattering and mass spectrometry 
detection. An excitation source 128 provides a light beam 130. A detector 132 
detects the emission or absorbance or light scattering properties of the analytes in the 
fluidic Taylor cone 58, liquid jet 60, or highly-charged droplets 62. 

FIG. 3H shows the use of the electrospray device of the present 

25 invention interfaced with a liquid sample handling device showing a means of sealing 
the liquid handling device to the injection side of the present invention. The figure 
shows an O-ring seal 1 07 between the liquid sample handling device 52 and the 
electrospray device 1 10. FIG. 31 shows an array of electrospray devices 106 
fabricated on a monolithic substrate 100 and interfacing to a liquid sample handling 

30 device 52. More than one liquid sample handling device could be interfaced with an 
array of electrospray devices. Only one is shown for clarity. 
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FIG. 4A shows a perspective view picture (approximately 80 times 
magmfied) of an electrospray device ,00 costing of . nozzIe etched h . sj , icon 
substrate. FIG. 4B is a perspective view on an electrospray device m accordance with 
me present invention. Nozzle > , 0 has a 20 pm onter diameter and .5pm inner 
drameter (through-substrate channe,) with a heigh, of 70 pm. The nozzle wails are 

25 pmm thickness. The recessed annular region „ 4 has a radios of 300 pm The 
substrate .02 has a thickness of 254 m , m 4C ^ , ^ 

an electrospray device generating an electrospray. ,n this fi gure> a 50% water50% 
methanol solution containing 500ng/mL of reserpine is being introduced to me 
10 mjeetionside . 08 ofmethrough-substrate channel 104 as shown in FIG 3G The 

fluid flow is controlled using a syringe numo set . . . . 

voltage of 700 V is app.ied ,„ a stainless stee, capillary 52 (not shown) with the 
substrate held a, zero V. The counter electrode 54 (not shown, is an ion-sampling 
onfice of a Micromass LCT time-of-fligh« mass spectrometer held a, 80 V The 
5 nozzle is approximately 5 mm from the ion-sampling orifice of the mass 

spectrometer. Labeled in Figure 4C is area, Taylor cone emanating from a nozzle a 
hqutd jet, a plume of highly-charged droplets and a recessed annular region. 

Figure 4D shows the electrospmy mass spectrum acquired from the 
electrospray shown in Figure 4C for the Reserpine solution. Reserpine has a 
molecular weigh, of 608 Da. E.ecfrospray in positive io „ mode resu|ts fa ^ 
protonafion of me molecular molecule resulting in an ion a, m/z 609. A region of me 
m/z range fiom 608 to 613 is inserted to show the separation of the isotopes of 
reserpme. Figure 4E shows the electrospray mass spectrum acquired from the 
electrospray of a I nM (1 femfomole per microliter) solution of Cytochrome C in 
100% wafer. The solution flow rate is 100 nL/min with a fluid voltage of .350 V and 
a substrate volfage of zero V. The mass spectrum shows me multiple-eharge 
dtstribution characteristic of large biomolecu.es from electrospray ionization (peaks 
are labeled with me respecfive charge state). Figure 4F shows the electrospray mass 
spectrum acquired from the electrospray of a 0.1 mM (.00 aftomole per microliter) 
solutton of Cytochrome C in 100% water at a flow rate of 100 nL/min. 

The electrospray device of the present invention generally comprises a 
sthcon substrate material defining . channel between m ^ ^ 
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injection surface and a nozzle on an ejection surface (the major surface) such that the 
electrospray generated by the device is generally perpendicular to the ejection surface. 
The nozzle has an inner and an outer diameter and is defined by an annular portion 
recessed from the ejection surface. The annular recess extends radially from the outer 
5 diameter. The tip of the nozzle is co-planar or level with and does not extend beyond 
the ejection surface. Thus, the nozzle is protected against accidental breakage. The 
nozzle, the channel, and the recessed portion are etched from the silicon substrate by 
reactive-ion etching and other standard semiconductor processing techniques. 

All surfaces of the silicon substrate preferably have insulating layers to 
1 0 electrically isolate the liquid sample from the substrate and the ejection and injection 
surfaces from each other such that different potential voltages may be individually 
applied to each surface and the liquid sample. The insulating layer generally consists 
of a silicon dioxide layer combined with a silicon nitride layer. The silicon nitride 
layer provides a moisture barrier against water and ions from penetrating through to 
1 5 the substrate causing electrical breakdown between a fluid moving in the channel and 
the substrate. The electrospray apparatus further comprises at least one controlling 
electrode electrically contacting the substrate for the application of an electric 
potential to the substrate. 

In another embodiment, all surfaces of the silicon substrate have 
20 insulating layers thereon to electrically isolate all surfaces of the substrate from each 
other such that different potential voltages may be individually applied to each surface 
and the liquid. The insulating layer is selectively removed from the tip of the nozzle 
therefore, making an electrical contact between the tip of the nozzle and the substrate. 
Fluid exiting the nozzle will be at the potential voltage applied to the substrate. A 
25 layer of conductive metal may be selectively deposited on the ejection surface of the 
substrate to provide for enhancement of the electric field at the tip of the nozzle. 
Alternatively, this electrode may be removed from the substrate altogether and reside 
in close proximity to the ejection surface of the substrate to enhance the electric field 
emanating from the tip of the nozzle when held at an appropriate voltage. One 
30 advantage to this design is that the insulating layer on the surface of the silicon 

substrate no longer determines the maximum difference in the voltage applied to the 
fluid relative to the substrate used to enhance the electric field at the tip of the nozzle. 
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This win a,low f„ r higher potentjaJ ^ ^ ^ ^ ^ ^ 
prov.de greater flexibility in the optimization of the electrospray 

substrate h ?K, *° b,! ' ""^ ^ a " <1 """ " " d » d fr ™ 
ubstrate by reacttve-.on etching and „, her standard 

ee toq „es. The miection-side features, through-substrate fluid channel, ejection-side 
Stores, and coning electrodes are formed monolithically from a mo„ocrys,alh„e 

fabncation sequence that requires no manipulation or assembly of separate 
components. 

° Because the elecrospray device is manufactured using reactive-ion 

etcbtng and other standard semiconductor processing rechniques, the dimensions of 
suen a dev.ce can he very small, for example, as small as 2 pm inner diameter 
5 pm outer diameter. Thus, a through-substrate fluid channel having, f„, example 
5 pm mner diameter and a subsume thickness of 250 pm only has a volume of 4 9pL 
Ptcohters) The micrometer-scale dimensions of the elecrospray device minimize 
the dead volume and thereby increase efficiency and analysis sensitivity when 
combined with a separation device. 

The electrospray device of the present invention provides for the 
efficen. and effective formation of an e.ectrospray. By providing an electrospray 
surface from which me fluid is ejected with dimensions on the order of micrometers 
the electrospray device limits the voltage required ,„ generate a Taylor cone as the ' 
voltage is dependent upon fire nozzle diameter, the surface tension of the fluid and 
me Stance of the nozzle from an extracting electrode. The nozzle of the elecirospray 
dev.ee provides the physical asperity on the order of micrometers on which a large . 
electric field is concentrated. Former, the e.ectrospray device may provide additional 
electrodefs) on the ejecting surface to which electric potential) may be applied and 
con.ro.led independent of the electric potentials of the fluid and the substrate in order 
to advantageously modify and optimize the electric fie.d for the purpose of focusing 
the gas phase tons produced by electrospray. 

The microchip-based electrospray device of the present invention 
provrdes minimal extra-cohtmn dispersion as a result of a reduction in the extra 
column volume and provides efficient, reproducible, rehable and rugged formation of 
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an electrospray. This electrospray device is perfectly suited as a means of 
electrospray of fluids from microchip-based separation devices. The design of this 
electrospray device is also robust such that the device can be readily mass-produced 
in a cost-effective, high-yielding process. 
5 In operation, a conductive or partly conductive liquid sample is 

introduced into the through-substrate channel entrance orifice on the injection surface. 
The liquid is held at a potential voltage, either by means of a wire within the fluid 
delivery channel to the electrospray device or by means of an electrode formed on the 
injection surface isolated from the surrounding surface region and from the substrate. 

10 The electric field strength at the tip of the nozzle is enhanced by the application of a 
voltage to the substrate and/or the ejection surface, preferably zero volts up to 
approximately less than one-half of the voltage applied to the fluid. Thus, by the 
independent control of the fluid/nozzle and substrate/ejection surface voltages, the 
electrospray device of the present invention allows the optimization of the electric 

15 field emanating from the nozzle. The electrospray device of the present invention 
may be placed 1-2 mm or up to 10 mm from the orifice of an atmospheric pressure 
ionization (API) mass spectrometer to establish a stable nanoelectrospray at flow rates 
as low as 20 nL/min. 

The electrospray device may be interfaced or integrated downstream to 

20 a sampling device, depending on the particular application. For example, the analyte 
may be electrosprayed onto a surface to coat that surface or into another device for 
purposes of conveyance, analysis, and/or synthesis. As described above with 
reference to FIGS. 3A-C and 4A-C, highly charged droplets are formed at 
atmospheric pressure by the electrospray device from nanoliter-scale volumes of an 

25 analyte. The highly charged droplets produce gas-phase ions upon sufficient 

evaporation of solvent molecules which may be sampled, for example, through an 
ion-sampling orifice of an atmospheric pressure ionization mass spectrometer (API- 
MS) for analysis of the electrosprayed fluid. 
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Multiple Array of Electrospray Devices 

One embodiment of the present invention is in the form of a multiple 
array of electrospray devices which allows for massive parallel processing. The 
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multiple electron devices or systems fabricated by mas . vdy 

on a s,„g,e wafer may .hen be cu, or otherwise separated into multiple devices or 
systems. 

™ SaSpeCt0fthe P rese " ti "™«™ does not have the space constraint 
5 -W*^ Theno^^spenaomayhepositioned: 
dose as 20 pm aflowing for very high-density dispensing. For examp.e, an array of 
.0,000 dispensing nozzles with a 20 pm onter diameter and a 50 pnt pitch would have 
anareaof5mmx5mm. An army of , , 000 ,000 dispensing nozzles with a 20 pm 
outer diameter and a 50 pm pitch wotdd have an area of 50 mm x 50 mm (or two 
0 suuare inches). The number of dispensing nozzles in an array is omy , imi ,ed by me 

outer dtamererofthe nozzle size chosen and the ~™t~. .. . 

<A , ■> ^"""6 ror me application. 

FIG. 5A shows a perspective view of a .2-nozzle array aligned with an array of 
receiving welis ,52. These receiving wetis may be smaJl vo.ume reservoir for 
performing chemical reactions for the purpose of chemioa, synthesis, for biological 
screening or may be through-substrate channels for transferring a fluid sample from 
one microchip device to another. FIG. 5B shows a cross-sectional view of FIG 5A 
showing the array in a drop.e, dispensing mode and the receiving wells 1 52 depicted 
aa throogh-substrate channel Each nozzle HO has a fluid dropie, ,26 being 
extracted by an electric field established between the fluid, substrate ,02 and the 
M receiving well plate 154. 

The electrospray device may also serve to reproducibly distribute and 
deposit a samp,e from a mother p,a,e to daughter p,a,e(s) by nanoe.ectrospray 
deposition or by the drop.et method. A chip-based combinatorial chemistry system 
comprising a reaction wefl blocx may define an array of reservoirs for containing the 
reaction products from a combinatorial synthesized compound. The reaction we,, 
block further defines channds, nozzles and recessed portions such that the fluid in 
each reservoir may flow through . corresponding chamtel and exit through a 
corresponding „ozz,e in the form of dropte. The reaction we,, Mode may define any 
number of reservoirs) in any desirable configuration, each reservoir being of a 
suttabl. dimension and shape. The vo,ume of a reservoir may range from a few 
picohters up to several microliters. 



25 



WO 00/52455 



-33- 



PCT/US00/0512J 



The reaction well block may serve as a mother plate to interface to a 
microchip-based chemical synthesis apparatus such that the droplet method of the 
electrospray device may be utilized to reproducibly distribute discreet quantities of 
the product solutions to a receiving or daughter plate. The daughter plate defines 
5 receiving wells that correspond to each of the reservoirs. The distributed product 
solutions in the daughter plate may then be utilized to screen the combinatorial 
chemical library against biological targets. 

The electrospray device may also serve to reproducibly distribute and 
deposit an array of samples from a mother plate to daughter plates, for example, for 
10 proteomic screening of new drug candidates. This may be by either droplet formation 
or electrospray modes of operation. Electrospray device(s) may be etched into a 
microdevice capable of synthesizing combinatorial chemical libraries. At a desired 
time, a nozzle(s) may apportion a desired amount of a sample(s) or reagent(s) from a 
mother plate to a daughter plate(s). Control of the nozzle dimensions, applied 

15 voltages, and time provide a precise and reproducible method of sample 

apportionment or deposition from an array of nozzles, such as for the generation of 
sample plates for molecular weight determinations by matrix-assisted laser 
desorption/ionization time-of-flight mass spectrometry ("MALDI-TOFMS"). The 
capability of transferring analytes from a mother plate to daughter plates may also be 

20 utilized to make other daughter plates for other types of assays, such as proteomic 
screening. The Vn U i</V SU bstrate ratio can be chosen for formation of an electrospray or 
droplet mode based on a particular application. 

An array of electrospray devices can be configured to disperse ink for 
use in an ink jet printer. The control and enhancement of the electric field at the exit 

25 of the nozzles on a substrate will allow for a variation of ink apportionment schemes 
including the formation of submicometer, highly-charged droplets for blending of 
different colors of ink. 

The electrospray device of the present invention can be integrated with 
miniaturized liquid sample handling devices for efficient electrospray of the liquid 

30 samples for detection using a mass spectrometer. The electrospray device may also 
be used to distribute and apportion fluid samples for use with high-throughput screen 
technology. The electrospray device may be chip-to-chip or wafer-to-wafer bonded to 
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plastic, glass, or silicon microchip-based liquid separation devices capable of, for 
example, capillary electrophoresis, capillary electrochromatography, affinity 
chromatography, liquid chromatography ("LC"), or any other condensed-phase 
separation technique. 
5 In another aspect of the invention, a microchip-based liquid 

chromatography device 160 may be provided as shown in FIG. 6A. The liquid 
chromatography device generally comprises a separation substrate 162 or wafer 
defining an introduction channel 164 between an entrance orifice and a reservoir 166 
and a separation channel 168 between the reservoir and an exit orifice 170. A cover 

1 0 substrate 1 72 may be bonded to the separation substrate to enclose the reservoir and 
the separation channel adjacent to the cover substrate. The separation channel may be 
populated with separation posts 174 as shown in FIG. 6B extending from a side- wall 
of the separation channel perpendicular to the fluid flow through the separation 
channel. Preferably, the separation posts are coplanar or level with the surface of the 

15 separation substrate such that they are protected against accidental breakage during 
the manufacturing process. Component separation occurs in the separation channel 
where the separation posts perform the liquid chromatography function by providing a 
large surface area for the interaction of fluid flowing through the separation channel. 
The liquid chromatography device may be integrated with an 

20 electrospray device such that the exit orifice of the liquid chromatography device 
forms a homogenous interface with the entrance orifice of the electrospray device. 
This allows the on-chip delivery of fluid from the liquid chromatography device to the 
electrospray device to generate an electrospray. The nozzle, channel, and recessed 
portion of the electrospray device may be etched from the substrate of the liquid 

25 chromatography device. FIG. 6C is a cross-sectional view of FIG. 6B wherein the 
exit orifice 170 of the liquid chromatography device is the through-substrate channel 
104 of an electrospray device. The liquid chromatography device may further 
comprise one or more electrodes 176 for application of electric potentials to the fluid 
at locations along the fluid path. The application of different electric potentials along 

30 the fluid path may facilitate the fluid flow through the fluid path using the 

electrophoretic properties of the fluid and chemical species contained therein. Also 
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shown are the electrospray nozzle 110, recessed annular region ! 14, and the 
elecfrospray controlling electrodes 122 on the ejection surface 1 .2 of the subsume 
The uuroduction 164 and separation 168 channels, the entrance and 
ext. ,70 orifices, and the separation posts 1 74 are praferably etched front a silicon 
substrate by reactive-ion etching and other standard semiconductor processing 
techmques. The separation posts are preferably oxidized silicon posts 1 74' to 
electncally insulate the posts and channel from the silicon substrate A silicon 
dtox.de layer 118may be grown on all surfaces of the separation substrate 162 
Sthcon nitride 120 may be further deposited on the silicon dioxide to provide a 
10 mo.sture burner and prevent diffusion of water and ions to the substrate. The surface 
of the silicon posts may be forther chemically modified to form a stations nh„. ,„ 
op.tm.ze tire interaction of toe components of the sample fluid with the stationer, ~ 
separation posts. 

Photolithography and reactive-ion etching limit the layout design of 
15 separation post diameters and inter-pos, spacing to approximately 1 pm. However 
because the thennal oxidation process consumes approximately 0.46 pm of silicon*, 
form each micrometer of silicon dioxide, the thermal oxidation process results in a 
volumetric expansion. This volumetric expansion may be utilized ,o reduce the 
apacng between the separation posta to sub-micrometer dimensions as shown in FIG 
» 7. For example, if the final layout is a channel poputated with I p m silicon dioxide 
posts separated by 0.5 pm, the fo.lowing method may be used to generate such a 
dev,ce. If the layout begins with 1 pm silicon posts 180 spaced by 0.5 pm (FIG 7A ) 
oxtd.zmg the silicon posts using an elevated temperature, oxidizing furnace until the ' 
post d,ametera reached f .5 pm would consume 0. 1 2 pm of silicon (FIG 7B ) The 
. s.hcon dioxide .82 4a, was formed can be removed by pfacing the sificon substrate in 
a hydrofluoric acid solution. The hydrofluoric acid will selectively re move tine silicon 
d.ox,de from the silicon substrate. The remaining silicon posts wmlld now have , 
drameter of 0.77 pm (FIG. 7C). If the silicon posts were oxidized to 1 .44 pm 
diameter, 0.3 1 pm of silicon would be consumed (FIG. 7D.). Removal of the silicon 
d,ox,de would leave silicon posts of 0.46 pm diameter (FIG. 7E ) Complete 
oxidation ofthe 0.46 pm silicon posts . 80 will result in the formation of I pm silicon 
d.oxide posts 182 spaced by 0.5 pm (FIG. 7F.). Further, because the oxidation 
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process is well-controlled, separation post dimensions, including the inter-post 
spacing, in the sub-micrometer regime can be formed reproducibly and in a high 
yielding manner. 

FIGS. 8A and 8B show plan views of a computer-aided design (CAD) 
5 layout 190 of a 50 jam wide channel 192 containing 1 jam silicon posts spaced by 0.5 
|um. The black squares 194 represent unexposed areas of the channel while the gray 
196 areas represent exposed areas of the channel. The exposed areas are removed 
during the silicon processing of the substrate, while the unexposed areas remain. The 
result of the processing is a channel etched to a depth of a few tens of micrometers 

10 containing 1 |um silicon posts spaced by 0.5 jam. The remaining silicon substrate can 
then be further oxidized in an oxidizing furnace to grow the silicon dioxide layer to 
any required thickness without affecting the completely oxidized silicon posts. 
Further processing of the silicon substrate such as LPCVD of silicon nitride and/or 
LPCVD or plasma enhanced chemical vapor deposition ("PECVD") of silicon dioxide 

15 is possible. 

An array or matrix of multiple electrospray devices of the present 
invention may be manufactured on a single microchip as silicon fabrication using 
standard, well-controlled thin-film processes. This not only eliminates handling of 
such micro components but also allows for rapid parallel processing of functionally 

20 alike elements. The nozzles may be radially positioned, for example, about a circle 
having a relatively small diameter near the center of the chip. Thus, a 96 radial array 
of electrospray devices of the present invention may be positioned in front of an 
electrospray mass spectrometer with no requirement to move or reposition the 
microchip. This radial design provides significant advantages of time and cost 

25 efficiency, control, and reproducibility when analyzing multiple channels by 

electrospray mass spectrometry. The low cost of these electrospray devices allows for 
one-time use such that cross-contamination from different liquid samples may be 
eliminated. 

The requirement to minimize the variations in the cross-sectional area 
30 along the length of a separation channel also applies when combining a separation 

device with an electrospray device. The cross-sectional area for the inner diameter of 
the nozzle, Nozzle Ar ea 2 > of an electrospray device should be approximately the same as 
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the channel cross-sectional area, Channel^. 

mo less than 2 is desirable. The cross-sectional area of a separation device can be 
determined by calculating the percentage of cr OSS -sectional area for a post and the 
separation front an adjacent post. The cross-sectiona, area for a given channel 
then be calculated from the following equation: 



10 



15 



20 



can 



Channel^ = Widthc , * Dept ^ - /(^ 

(4) 

where Width Ch is the separation channel width, Depthc, is the 
separation channel depth, Dia post is the post diameter and Spacing is the post 
spacmg. Setting the cross-sectional area of the electrospray nozzle equal to the cm.- 
secttonai area of the separation channel allows the calculation for the optimum inner 

d.ameterfortheelectrospraydeviceforaparticularseparationchannellayout The 
cross-sectional area for a cylindrical nozzle, Nozzle,^, is defined by equation 5. 

where r is the inner radius and d is the inner diameter of the nozzle. 

Setting the Nozzle Area 2 equa l to the Channel Arca 2 allows the 
determmation of the optimum nozzle inner diameter, Nozzle lnner Dia , f or a given 
channel cross-sectional area from equation 6: 



25 



(6) 



Table 1 lists some examples of the optimum nozzle inner diameter for 
some examples of posts diameters and spacings for a 50 um wide by 10 um deep 
channel. 
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Table 1. Relationship between a 50 (am width by 10 urn depth channel 
populated with posts and the optimum electrospray nozzle inner diameter 
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In yet another aspect of the present invention, multiples of the liquid 
chromatography -electrospray system may be formed on a single chip to deliver a 
multiplicity of samples to a common point for subsequent sequential analysis. The 
multiple nozzles of the electrospray devices may be radially positioned about a circle 
having a relatively small diameter near the center of the single chip. 

A radially distributed array of electrospray nozzles on a multi-system 
chip may be interfaced with an ion-sampling orifice of an electrospray mass 
spectrometer by positioning the nozzles near the ion-sampling orifice. A tight radial 
configuration of the electrospray nozzles allows the positioning thereof in close 
proximity to the ion-sampling orifice of an electrospray mass spectrometer. For 
example, 96 20 jam nozzles may be etched around a 1 mm radius circle with a 
separation of 65 jam. 

A multi-system chip thus provides a rapid sequential chemical analysis 
system fabricated using microelectromechanical systems ("MEMS") technology. For 
example, the multi-system chip enables automated, sequential separation and injection 
of a multiplicity of samples, resulting in significantly greater analysis throughput and 
utilization of the mass spectrometer instrument for, for example, high-throughput 
detection of compounds for drug discovery. 
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Another aspect ofthe present invention provides a silicon microchip- 
based electrospray device for producing electrospray of a liquid sa m ple The 
electrospray device may be interfaced downstream to an atmospheric pressure 
iomza tl on mass spectrometer ("API-MS") for analysis ofthe electrosprayed fluid 
Another aspect of the invention is an integrated miniaturized liquid phase separation 
de.ce, winch may have, for example, glass, plastic or silicon substrates integral with 
the eleclrospray device. 

Electrospray Device Fabrication Procedure 

The eiectrospray device 100 is preferably fabricated as a monolithic 
atl.cn substrate utilizing weH-established, controlled thin-fdm siHcon n _ in „ 
***** such as thermal oxidation, photolithography, reactive-ion etching"^) 
chemical vapor deposition, ion implantation, and meta, deposition. Fabrication using 
such s.hcon processing techniques facilitates massively parallel processing of similar 
devrces, ts rime- and cost-efficient, allows for tighter control „f critical dimensjo „ s . 
eastly reproducible, and resula in a wholly Integra, device, thereby eliminating any 
assembly requirements. Furihcr, the fabrication sequence may be easily extended to 
create phystca, aspects or features on the injection surface and/„, ejection surface of 
•he electrospray device to facilitate interfacing and connection to a fluid delivery 
system or to facilitate integration with a fluid de.ivery sub-system ,„ create a single 
integrated system. 

Injec.i,„ Surface Processing: Entrance to Through-Wafer Channel 

FIGS. 9A-9E illustrate the processing steps for the injection side of 
the substrate in fabricating me electrospray ^ ^ ^ 

to the plan and cross-sectional views, respectively, of FIGS. 9A and 9B (a cross 
secuona, view ^ along ljne 9B . 9fi rf ^ ^ ^ ^ ^ ^ ^ 

wafer 200 is subjected to an elevated temperature in an oxidizing environment to 
grow a layer or film of silicon dioxide 204 on the injection side 203 and a layer or 
film of silicon dioxide 206 on the ejection side 205 of the substrate 202. Each ofthe 
resulting silicon dioxide layers 204, 206 has a thickness of approximately 1-2 pm 
The silicon dioxide layers 204, 206 serve as masks for subsequent selective etching of 
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certain areas of the silicon substrate 202. The silicon dioxide layer 206 also serves as 
an etch stop for the through-substrate channel etch as described below. 

A film of positive-working photoresist 208 is deposited on the silicon 
dioxide layer 204 on the injection side 203 of the substrate 200. An area of the 
5 photoresist 208 corresponding to the entrance to a through-wafer channel which will 
be subsequently etched is selectively exposed through a mask by an optical 
lithographic exposure tool passing short-wavelength light, such as blue or near- 
ultraviolet at wavelengths of 365, 405, or 436 nanometers. 

As shown in the cross-sectional views of FIGS. 9C and 9D, after 

10 development of the photoresist 208, the exposed area 210 of the photoresist is 

removed and open to the underlying silicon dioxide layer 204, while the unexposed 
areas remain protected by photoresist 208'. The exposed area 212 of the silicon 
dioxide layer 204 is then etched by a fluorine-based plasma with a high degree of 
anisotropy and selectivity to the protective photoresist 208' until the silicon substrate 

15 202 is reached. As shown in the cross-sectional view of FIG. 9D, the remaining 
photoresist 208' provides additional masking during a subsequent fluorine based 
silicon etch to vertically etch certain patterns into the injection side 203 of the silicon 
substrate 200. 

As shown in the cross-sectional view of FIG. 9E, the through-substrate 
20 channel 214 in the silicon substrate is vertically etched by another fluorine-based etch. 
An advantage of the fabrication process described herein is that the dimensions of the 
through channel, such as the aspect ratio (i.e. depth to width), can be reliably and 
reproducibly limited and controlled. The through-substrate channel is selectively 
etched through the silicon substrate until the silicon dioxide layer on the ejection 
25 surface is reached. 

The through-substrate channel is used to align the ejection surface 
structures with the injection surface through- wafer channels. The through-substrate 
channel is etched through the substrate to the silicon dioxide layer 206 on the ejection 
side 205 of the substrate 200. This silicon dioxide layer 206 on the ejection surface 
30 serves as an etch stop for the injection surface processing. Silicon dioxide is 

transparent to visible light which allows the alignment of the injection side etch with 
the ejection side mask. This alignment scheme allows for alignment of injection and 
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ejection side features ,„ within , Mm . The ^ ^ layer ^ ^ 

is sul. intact and provides for easy coating of resist on the ejection side for the 
subsequent ejection surface processing. 

5 Ejection Surface Processing: N„zz.e and Surrounding Surface Strucmre 

205 f* - F ' GS ' '^"'^"'^•''^^^fortheejecionaide 
205 of (he substrate 202 in fabricating the eleotrospray device ,00 of the present 

mvention. As sbown i„ the eross-secdona. view in FIG. , 0B (a cross-sectiona, view 

0 TZ Z ^ Fi8Ure 10A) ' 3 ^ Crests, 2,6 

a eposued on tbe sthcon dioxide layer 206 on the ejection side 205 of the substrate 
202. Patterns on the ejection side 205 are aiigned to those previouslv formed o„ *. 
utjecuon stde 203 of the substrate 202 using a through-suhstrate aflgnmen, ^ "' 

After ahgnment, areas of the photoresist 216 that define the outer 
dtatneter of the nozzle and the outer diameter of the recessed annular region „ 
actively exposed through an ejection side mask by an optica, lithographic exposure 
oo. ah wavelength light, such as blue or near- ultraviolet a, wavelengths of 

365, 405, or 436 nanometers. As shown in the cross-sectional view of FIG IOC the 
Photoresist 2,6 is then deve.oped to remove the exposed area, of me photoresist, 8 
such tha, the recessed annu,ar region is open ,„ the „» d e rlyillg silico „ ^ 
220, wmle the unexposed areas remain protected by photoresist 2,6'. The exposed 
area 220 of the silicon dioxide ,ayer 206 is men etched by a fluorine-based p,aama 

wtm a mgh degree of aniaotropy and sdeetivity ,„ me protective photorests, 2 , 6' unti, 
the silicon substrate 202 is reached as shown in FIG. , 0D. 

As shown in FIG. 10E, a fluorine-based etch creates a recessed annu,ar 
region 222 ma, defines an ejection „„zz,e 224. After the desired depth is achieved for 
defimng the recessed annu,ar region 222 and nozz,e 224, the remaining photoresist 
2,6 is then removed in an oxygen plasma or in an actively oxidizing chemical bath 
ike sulfuric acid (H,S0 4 ) activated with hydrogen peroxide (H 2 0 2 ). Then, me silicon 
dtox.de layer 206 is removed using hydrofluoric acid to open up the mrough-subsrrate 
channel 2 1 4 as shown in FIG. 1 OF. 

The fabrication method confers superior mechanical stability to the 
fabricated eleotrospray device by etching the features of the electrospray device from 
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a monocrystalline silicon substrate without any need for assembly. The alignment 
scheme allows for nozzle walls of less than 2 ^im and nozzle outer diameters down to 
5 )nm to be fabricated reproducibly. The fabrication sequence allows for the control 
of the nozzle height by adjusting the relative amounts of ejection side silicon etching. 
5 Further, the lateral extent and shape of the recessed annular region can be controlled 
independently of its depth. The depth of the recessed annular region also determines 
the nozzle height and is determined by the extent of the etch on the ejection side of 
the substrate. Control of the lateral extent and shape of the recessed annular region 
provides the ability to modify and control the electric field between the electrospray 
1 0 device and an extracting electrode. 

Alternatively, the fabrication of the electrospray device may be 
accomplished whereby the through-substrate channel is etched partly from each side 
of the substrate in two steps in combination with a through-substrate alignment mark 
as shown in FIGS. 1 1 A to B and 12A-E. 

15 

Injection Surface Processing: Entrance to Through-Wafer Channel 

FIGS. 1 1 A - 1 ID illustrate the processing steps for the injection side 
of the substrate in fabricating the electrospray device of the present invention. 
Referring to the plan and cross-sectional views, respectively, of FIGS. 1 1A and 1 IB 

20 (taken along line 1 1B-1 IB of Figure 1 IB), a double-side polished silicon substrate 
200 is subjected to an elevated temperature in an oxidizing environment to grow a 
layer or film of silicon dioxide 204 on the injection side 203 and a layer or film of 
silicon dioxide 206 on the ejection side 205 of the substrate 200. Each of the resulting 
silicon dioxide layers 204 and 206 has a thickness of approximately 1-2 ^m. The 

25 silicon dioxide layers 204 and 206 serve as masks for subsequent selective etching of 
certain areas of the silicon substrate. The silicon dioxide layer 206 also serves as an 
etch stop for the through-substrate alignment feature as described below. 

A film of positive-working photoresist 208' is deposited on the silicon 
dioxide layer 204 on the injection side 203 of the substrate 200. An area of the 

30 photoresist corresponding to the through wafer alignment 208 and the device channels 
202 which will be subsequently etched is selectively exposed through a mask by an 
optical lithographic exposure tool passing short-wavelength light, such as blue or 
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near-umaviole, at wavefengths of 365 _ ^ ^ ^ 

*e P Cores,, 20T. the exposed area of the phoresis, is .moved and ,he 

ltd ^T randioxide,aycrofftea,igm,,en ' 2i0andd - te2 ' 2 ^^ 

exposed. The unexposed areas remain pro,ee,ed by the unexposed photoresist 208" 

etched by a fluorine-based plasma with a high degree of anisotiopy and se.ectivity to 
4e protective photoresist 208' until the si.icon substtate 200 is .ached The 
renting p ho,o,sis, 208> provides additiona, masking during a S nb S e q ue„, fluorine 
b-d sthcon etch to vertically etch certain patterns into the injection side 203 of the 
10 silicon substrate 204. 

As shown in the cross-sectional view of FIG. 1 1 D. the thrn,,^. 
~ alignment hanneJ ^ ^ ^ ^ 

200 1S vcmcally etched „ y anote fluorjnc . based e(ch ^ advantege 
fabrication process described herein is tha, the dimensions of me features to be etched 
- stltcon, such as the aspect ratio (depth to width), can be reliably and reproducibly 
m,.ed and co„«r„,led. The fluorine-based etch rate is dependent on the featme 
dimensions being etched. Therefore, ,arger features etch more quickly through a 
substiate man ^ features . For ^ ^ ^ ^ ^ 

ahgnmen, mark 2,5 may be slightiy larg e r h size (diameto) ^ ^ 

etches more quickly through tite substrate 202 than me injection side channel 2,1 
The mrongh-subatrate alignment marks are selectively etched completely mrough the 
sthconaubstiute 202 until the silicon dioxide layer 206, aerving as m etch stop „ , h 
ejection surface 205, is reached. However, the smaller diameter injection side 
■ channel 21. is „n,y etched partial* ^ ^ wafa Typ ^ ^ 

substrate alignment mark may be equivalent in diameter to up to tens of micmns 
larger titan me finai through-substrate channel 214 ,„ p rovi dc me required ahgnmen, 
tolerances. 

The through-substrate alignment mark, consisting offer example a 25 
Mm diameter ekele, is ta.^ in ft. channe| mask The through . substrate ' 
ahgnmen. mark is etched through the substrate ,o the silicon dioxide layer on the 
ejection side of the substiate. This silicon dioxide layer on the ejection surface serves 
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as an etch stop for the injection surface processing. Silicon dioxide is transparent to 
visible light which allows the alignment mark from the injection side etch to be 
aligned with the ejection side mask. This alignment scheme allows for alignment of 
injection and ejection side features to within 1 p.m. The silicon dioxide layer on the 
5 ejection surface is still intact and provides for easy coating of resist on the ejection 
side for the subsequent ejection surface processing. 



Ejection Surface Processing: Nozzle and Surrounding Surface Structure 

FIGS. 12A-E illustrate the processing steps for the ejection side 205 of 
1 0 the substrate in fabricating the electrospray device 1 00 of the present invention. 

Referring to the plan and cross-sectional views, respectively, of FIGS. 12A and 12B 
(taken along line 12B-12B of Figure 12 A), a film of positive- working photoresist is 
deposited on the silicon dioxide layer 206 on the ejection side 205 of the substrate 
202. Patterns that define the inner and outer diameter of the nozzle and the outer 
1 5 diameter of the recessed annular region on the ejection side 205 are aligned to those 
previously formed on the injection side 203 of the substrate using the through- 
substrate alignment channels 215. 

After alignment, areas of the photoresist that define the inner and outer 
diameter of the nozzle and the outer diameter of the recessed annular region are 
20 selectively exposed through an ejection side mask by an optical lithographic exposure 
tool. As shown in the cross-sectional view of FIG. 12C, the exposed photoresist 218' 
is then developed to remove the exposed areas of the photoresist such that the device 
features 212 are open to the underlying silicon dioxide layer 206, while the unexposed 
areas remain protected by the unexposed photoresist 218'. The exposed areas 212 of 
25 the silicon dioxide layer 206 are then etched by a fluorine-based plasma with a high 
degree of anisotropy and selectivity to the protective photoresist 218' until the silicon 
substrate 200 is reached as seen in FIG 12C. 

As shown in FIG. 12D, a fluorine-based etch creates an ejection nozzle 
224, a recessed annular region 222 exterior to the nozzle and an ejection side channel 
30 213 that is etched until the injection side channel 21 1 is reached forming the through- 
substrate channel 214. After the desired depth for the recessed annular region 222 
and the nozzle 224 are achieved, the remaining photoresist 218' is then removed in an 
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oxygen plasma or in an active.y oxidizing chemicaI ba(h ^ ^ 
ac t ,va,ed with hydrogen peroxide ^ ^ ^ ^ 0 

removed u,„g hydrofluoric acid ,„ open up lhe through-substrate channe, 2,4 as 
shown m FIG. 12E. 

This fabrication sequence confers superior mechanical suability t0 the 
fabncated Cectrospray device by e,chi„ g the features tf|b e , J h * 
a monokine silicon Lhcr ZT 
v,t beahgnmen.mark as described in -he ftbncadon sequence of .hisdevileal.ol 
for ahgnmen, of injection side and ejection side features ,o better ,han 1 pm This 
adows for overall nozzle dimensions ,ha« are smaller than prevrously achieved ,ha, 
use pnor disclosed alignment schemes using infrared li e h.. „,.,.., 

ele" be,Wee ° deVfce 100 Md M — 8 

Discussed below is another scheme for fabricating a. hrough wafer 
channe, and nozzle. Here, front side t0 backside ahgnmen, of the channe, and „ozz,e 
, conducted by patterning both injection and ejection sides of the wafer together prior 
. the «ch processing. A double-side polished silicon substrate is subjected to an 
elevated temperature in an oxidizing environment to grow a layer or film of silicon 
dtox.de on the injection and ejection side of the substrate. The resulting si.icon 
dtox.de layer has a thickness of approximately ,-2 pm. The silicon dioxide layer 
serves as a mask for subsequent selective etching of certain areas of the silicon 

latrl A mm0f P ° Si,i - WOT ^ * posited on the silicon dioxide 

layer of the uyection and ejection sides of the wafer. 

The injection and ejection masks are aligned ,„ each other using an 
optica hthographic exposure too,. The siheon substrate is positioned between the 
altgned masks followed by injection and ejection side exposure by an optica, 
tthographic exposure tool. Subsequent processing of the wafer is conducted as 
described previously. 
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Preparation of the Substrate for Electrical Isolation 

As shown in the cross-sectional views of FIG. 13 - 15, a layer of 
silicon dioxide 1 17 is grown on all silicon surfaces of the substrate 102 by subjecting 
5 the silicon substrate to elevated temperature in an oxidizing ambient. This layer is 
grown to typically less than 1 to remove any materials from the surfaces of the 
substrate. This silicon dioxide layer is removed from the silicon substrate using 
hydrofluoric acid. The silicon substrate is further subjected to elevated temperature in 
an oxidizing ambient furnace to grow silicon dioxide 1 18 to a thickness of 1 to 4 urn. 
1 0 A layer of silicon nitride 1 20 is further deposited on top of the silicon dioxide layer 
using low pressure chemical vapor deposition ("LPCVD") providing a conformal 
coating of silicon nitride on all surfaces up to 2 urn in thickness. The silicon nitride 
prevents water and ions from penetrating through the silicon dioxide layer, causing an 
electrical connection between the fluid in the through-wafer channel 104 and the 
1 5 silicon substrate 1 02. The layers of silicon dioxide 1 1 8 and silicon nitride 1 20 over 
all surfaces of the substrate, electrically isolates a fluid in the channel 104 from the 
silicon substrate and permits the application and sustenance of different electrical 
potentials to the fluid in the channel 104 and to the silicon substrate 102. 

All silicon surfaces are oxidized to form silicon dioxide with a 
20 thickness that is controllable through choice of temperature and time of oxidation. All 
silicon dioxide surfaces are LPCVD coated with silicon nitride. The final thickness of 
the silicon dioxide and silicon nitride can be selected to provide the desired degree of 
electrical isolation in the device. A thicker layer of silicon dioxide and silicon nitride 
provides a greater resistance to electrical breakdown. The silicon substrate 100 is 
25 divided into the desired size or array of electrospray devices for purposes of 

metalization of the edge of the silicon substrate. As shown in FIG. 15, the edge 124 
of the silicon substrate is coated with a conductive material 122 using well known 
thermal evaporation and metal deposition techniques. 

The above described fabrication sequence for the electrospray device 
30 1 00 can be easily adapted to and is applicable for the simultaneous fabrication of a 
single monolithic system comprising multiple electrospray devices including multiple 
channels and/or multiple ejection nozzles embodied in a single monolithic substrate. 
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Further, the processing steps may be modified ,o fabricate simiiar or different 
electrospray devices tnere.y by, for example, modifying , he , ayout dcsigll ^ 
ch^ng the poiarity of the photomask and utilizing negative-working 
rather than utthzing positive-working photoresist. 

Liquid Chromatography and E.ectrospray Device Fabrication Procedure 

The fabrication of a liquid cteomatography/electrospray f'LC/ESn 
device of the present invention is explained with reference to FIGS 16A-I The 
LC/ES, device is preferably fabricated as a monoiithic silicon micro device uniting 
established, well-controlled min-ftim silicon processing techniques such as thermal 
oxtdatton, photolithography, re ac,ive-io„ etching (RIB). chemical ^ „„„,..._ 
ton tmplanmtion, and meta, deposition. Fabrication using such silico ; pr0 ~ 
techniques facilitates massively parallel processing of similar devtces, is time- and 
cost-efficient, al.ows for tighter control of critic, dimensions, is easily reproducible 
and results in a wholly integra, device, thereby eliminamtg any assembly 
requirements. 

Referring ,„ me plan and eross-sectional views, respectively, of FIGS 
16A and I6B (taken along line ,6B-16B of Figure 16A), a silicon wafer substrate 
500, double-side polished and approximately 250-300 pm in thickness, is subjected to 
an elevated temperature in an oxidizing ambient ,„ grow a layer or film of silicon 
dtox.de 502 on the chromatography side 503 and a layer or fihn of silicon dioxide 504 
on the etarosprey side 505 of the separation subsuate 500. Each of the resulting 
sthcon dioxide layers 502 and 504 haa a thickness of approximately 1-2 pm The 
sthcon dioxide layers 502 and 504 serve as masks for subsequent selective etching of 
& certain areas of the separation substrate 500. 

A film of positive-working photoresist 506 is deposited on the silicon 
Aax.de layer 502 on the chromatography side 503 of the separation substrate 500 
Certam areas of the photoresist 506 corresponding to the reservoirs, sample injection 
channels, separation channel and separation posts which will be subsequently etched 
*0 are selectively exposed through a mask by an optical lithographic exposure tool. 

Referring to the cross-sectional view of FIGS. 16C, after development 
of the photoresist 506, the exposed areas of the photoresist corresponding to the 
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reservoir 508 and separation channel 510, respectively, are removed and open to the 
underlying silicon dioxide layer 502, while the unexposed areas remain protected by 
photoresist 506'. The exposed areas 508 and 510 of the silicon dioxide layer 502 are 
then etched by a fluorine-based plasma with a high degree of anisotropy and 
5 selectivity to the protective photoresist 506' until the silicon separation substrate 500 
is reached. The remaining photoresist is removed in an oxygen plasma or in an 
actively oxidizing chemical bath like sulfuric acid (H 2 S0 4 ) activated with hydrogen 
peroxide (H2O2). 

As shown in the cross-sectional view of FIG. 1 6D, the reservoir 410, 
10 the separation channel 412, and the separation posts 41 6 in the separation channel are 
vertically formed in the silicon separation substrate 500 by another fluorine-based 
etch as described in U.S. Patent No. 5,501,893, which is hereby incorporated by 
reference. Preferably, the reservoir 410 and the separation channel 412 have the same 
depth controlled by the etch time at a known etch rate. The depth of the reservoir 410 
15 and the channel 412 is preferably between approximately 5-20(am and more 
preferably approximately 10-15|um. 

Referring to the cross-sectional view of FIG. 16E, the remaining 
photoresist 506' is removed and the substrate 500 is subjected to an elevated 
temperature in an oxidizing ambient to grow a layer or film of silicon dioxide 502' 
20 sufficient to minimize the space between the posts 416 created during the previous 
etch described in FIG. 16D. Alternatively, PECVD silicon dioxide may be deposited 
on the chromatography side of the substrate sufficient to enclose the space between 
the posts 416. 

Referring to the cross-sectional view of FIG. 16F, a film of positive- 
25 working photoresist 516 is deposited on the silicon dioxide layer 502' on the 

chromatography side 503 of the separation substrate 500. Referring now to the plan 
and cross-sectional views of FIGS. 16G and 16H (taken along line 16H-16H of the 
Figure 16G), respectively, certain areas of the photoresist 5 1 6 corresponding to the 
reservoir through-substrate channel 404 and the electrospray through-substrate 
30 channel 406 that will be subsequently etched are selectively exposed through a mask 
by an optical lithographic exposure tool. After development of the photoresist 516', 
the exposed area 518 of the photoresist 516' corresponding to the reservoir through- 
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-fata* channel and the electrospray through-substrate channel is rented ,„ expose 
<he underlying siiieon dioxide layer 502^ of ft. separation substrate 500. The exposed 
stlicon dioxide layer is ,hen etched by a fluorine-based plasma with a high degree of 
an.orropy and selectivity to the protective photoresist 5,6- until tire silicon separation 
5 snbsrrate 500 „ reached. The remaining photoresist „ kft fa ^ (q 

addttional masking during the subsequent through-substrate etch of the silicon 
substrate 500. 

Reletting now to the cross-sectional view of FIG. 161, the reservoir 
mrough-substrare channel and the electroapray rhrough-substrate channel is vertically 
formed through the silicon separation substrate 500 by a fluorine-based e,cb as 
described in U.S. Paten, No. 5,501,893, which is hereby incorporared bv ref— 
1 he reservoir through-substrate channel 404 and «he electrospray through-substrae 
channel 406 are etched until the silicon dioxide layer 504 is reached. The remaining 
Photoresist is removed in an oxygen plasma or in an actively oxidizing chemical bad, 
hke sulfuric acid (H 2 S0 4 ) activated with hydrogen peroxide (H 2 0 2 ). 

The remaining nozzle and receaaed annular region are etched using the 
same method as that outlined previously in the fabrication of the ejection surface 
processing of the electrospray device as shown in FIGS. 17A-D. FIG I7Aisaplan 
vtew of the patten, that defines the recessed annular region 408 on the electrospray 
stde 505 of the substrate 500. The existing features are aligned to those previously 
formed on the chromatogmphy side 503 of the substrate using through-substmte 
alignment channels. 

After ahgnment, areas of the photoresist that define the pattern that 
defines the recessed armular region 408 ott the electrespray side 505 of the substrate 
500 are selectively exposed through an ejection side mask by an optical lithographic 
exposure tool. As shown in the cross-sectional view of FIG. 1 7B (taken along line 
17B-17B of Figure 17A), the exposed photoresist 518' is then developed to remove 
the exposed areas of the photoresist to the underlying silieon dioxide layer 504 The 
exposed areas of the silicon dioxide layer 504 are then etched by a fluorine-based 
Plasma with a high degree of anisotrepy and selectivity ,„ the protective photoresist 
5 1 8 until the silicon substrate 500 is reached. 
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As shown in FIG. 17C, a fluorine-based etch creates an ejection nozzle 
424, a recessed annular region 422 exterior to the nozzle. After the desired depth for 
the recessed annular region 422 and the nozzle 424 are achieved, the remaining 
photoresist 518' is then removed in an oxygen plasma or in an actively oxidizing 
5 chemical bath like sulfuric acid (H 2 S0 4 ) activated with hydrogen peroxide (H 2 0 2 ). 
The silicon dioxide layers 502' and 504 are removed using hydrofluoric acid to open 
up the through-substrate channel as shown in FIG. 17D. 

An advantage to defining the reservoir through-substrate channel and 
the electrospray nozzle on the same side of the completed LC/ESI device is that the 
10 backside of the substrate is then free from any features. This substrate may be bonded 
to another glass or silicon substrate that may be further bonded to a protective 
package. 

Preparation of the Substrate for Electrical Isolation 

15 A layer of silicon dioxide is grown on all silicon surfaces of the 

substrate by subjecting the silicon substrate to elevated temperature in an oxidizing 
ambient. This layer is grown to typically less than 1 jum to remove any materials 
from the surfaces of the substrate. This silicon dioxide layer is removed from the 
silicon substrate using hydrofluoric acid. The silicon substrate is further subjected to 

20 elevated temperature in an oxidizing ambient to grow silicon dioxide 1 1 8 to a 

thickness of 1 to 4 \xm. A layer of silicon nitride 122 is further deposited on top of the 
silicon dioxide layer using low pressure chemical vapor deposition (LPCVD) 
providing a conformal coating of silicon nitride on all surfaces up to 2 |im in 
thickness. Alternatively, plasma enhanced chemical vapor deposition can be used to 

25 selectively deposit silicon dioxide and/or silicon nitride on vertical surfaces exposed 
to the plasma. Silicon nitride is well known to prevent water and ions from 
penetrating through a silicon dioxide layer of silicon devices. The silicon nitride 
further prevents an electrical connection between the fluid in the LC/ESI device and 
the silicon substrate 162. The layer of silicon dioxide 118 and silicon nitride 122 over 

30 all surfaces of the silicon substrate 162 electrically isolates a fluid in the channel from 
the substrate 162 and permits the application and sustenance of different electrical 
potentials to the fluid in the device and to the silicon substrate 200. Additional layers 
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of silicon di oxi de can te deposked usfag LpcVD (o anow fe 
f sdanol groups on to silicon dlox;de surface ^ ^ 

be identic^ a ong Ihe entire Irnuk «r «. • 

g me ent.re length of the separat.cn channel and the electrospray 
through-substrate channel. P " 

5 E1 ~176andbondpad si „ ai ecove r sub S na t e,p re fe r abl y 
«TO glass and/or silicon, are deposited using similar 

bo d d b ^ (o ^ substate fm wn 

,oa«,o no thefluidinU.er.C/ES.device. Critical considerations in an y bonding 
0 -hod tnclude the alignment of features in the separation and the cover suhshZ ,o 
ensure proper functioning of the liquid chromatography device rfw k™,I 1 .. 

-a. hues so una, the electrodes (if any) are accessible from outside the U q l 
chromatography device. 

The cross-sectional schematic view of FIG. 6C shows a liquid 
ctaomatography-elecnospray system ,60 comprising a ,i q „ id chromatography device 
of the present mvention integrated with an elecb.spray device of the present 
■nvennon. A homogeneous interface is forme, between me exit orifice ,7. of me 
bqurd chromatography device and the entrance orifice of the electrospmy device The 
amgle rn.egra.ed sys«em allows for .he fluid exiting the exi. orifice of me ,i q uid ' 
ctaomatography device bo be delivered on-chip „ the entrance orifice of me 
electrospray device in order to generate an electrospray. 

Muttipie Liquid Chromaiography-Elecirospray Sys,e ras on a Single CWp 

Mmfip,es of me liouid cteomatography-elecnospray system may be 
formed on a smgle chip ,0 deliver a multiplied of samples ,„ a common pom, for 
subsequent sequential analysis. 

Interface of a Multt-System Chip ,o Mass Sp ee.r.n,e.,r 

Aradia " ydis,rib ^^yofelechosp ra y„ oz2 ,e S „nam u |fi-sys t em 
chtp may be ..erfaced wim a samphng orifice of a mass spec.rome.er by positioning 
the nozzles near me sampling „ ri fi ce . The tight radia , configura , ion of 
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nozzles allows the positioning thereof in close proximity to the sampling orifice of a 
mass spectrometer. 

A multi-system chip may be rotated relative to the sampling orifice to 
position one or more of the nozzles for electrospray near the sampling orifice. 
5 Appropriate voltage(s) may then be applied to the one or more of the nozzles for 
electrospray. Alternatively, the multi-system chip may be fixed relative to the 
sampling orifice of a mass spectrometer such that all nozzles, which converge in a 
relatively tight radius, are appropriately positioned for the electrospray process. As is 
evident, eliminating the need for nozzle repositioning allows for highly reproducible 
1 0 and quick alignment of the single multi-system chip and increases the speed of the 
analyses. 

Although the invention has been described in detail for the purpose of 
illustration, it is understood that such detail is solely for that purpose, and variations 
can be made therein by those skilled in the art without departing from the spirit and 
1 5 scope of the invention which is defined by the following claims. 
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WHAT IS CLAIMED: 

1 • An electrospray device comprising: 

a substrate having an injection surface and an ejection surface 
opposing the Section surface, wherein the substrate is an integral monolith 
comprising: 

an entrance orifice on the injection surface; 
an exit orifice on the ejection surface; 
a channel extending between the entrance orifice and the exit 

a recess extending into the ejection surface and surrounding the 
thereby defining a nozzle on the ejection surface; and 



10 orifice; 

wnm 



a voltage application system consisting essentially of: 
15 first potential to said substrate^ deCtr ° de * SUbstrate t0 a 

t . f A u 3 S6COnd eIeCtrode t0 im P^ * second potential, wherein 

the first and the second electrodes are positioned to define an electric field 
surrounding the exit orifice. 

20 

2 ' M electros Pray device according to claim I , wherein the 
■njectton surface, <he ejection surface, and the charge, extending between the entrance 
orrf.ee on the injection surface and the exi, orifice „„ the ejection surface contain an 
msulatmg layer for placement of discrete electrodes on these surfaces. 

25 

1 ^ electr °spray device according to claim 1 further 

comprising: 

a nozzle proximate the ejection surface and positioned between the exit 
orifice and the recess. 

30 , «• An electros P™y device according to claim 1 , wherein the first 

electrode is electrically insulated from fluid passing through said electrospray device 
and the second potential is applied to the fluid. 
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5. An electrospray device according to claim 1 , wherein the first 
electrode is in electrical contact with fluid passing through said electrospray device 
fluid and the second electrode is positioned on the ejection surface. 

5 6. An electrospray device according to claim 1 , wherein said 

second electrode is in front of and not integral with the ejection surface. 

7. An electrospray device according to claim 1 , wherein 
application of potentials to said first and second electrodes causes fluid passing 

1 0 through said electrospray device to discharge from the exit orifice in the form of a 
spray. 

8. An electrospray device according to claim 1 , wherein 
application of potentials to said first and second electrodes causes fluid passing 

1 5 through said electrospray device to discharge from the exit orifice in the form of 
droplets. 

9. An electrospray device according to claim 1, wherein said 
substrate is silicon. 

20 

10. An electrospray device according to claim 1 , wherein said 
substrate is polymeric. 

11. An electrospray device according to claim 1 , wherein said 
25 substrate is glass. 

12. An electrospray device according to claim 1 , wherein said 
substrate has a plurality of entrance orifices on the injection surface, a plurality of exit 
orifices on the ejection surface with each of the plurality of exit orifices 

30 corresponding to a respective one of the plurality entrance orifices, and a plurality of 
channels extending between one of the plurality of exit orifices and the corresponding 
one of the plurality of entrance orifices. 
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13. An electrospray device according to claim 1 further 

comprising: 

a conduit positioned to provide fluid to the entrance orifice. 

14- A system for processing droplets/sprays of fluid comprising- 
an electrospray device according to claim 1 and 

orifice „f v, , 3 d6ViCe t0 reCdVe ^ dr ° p]ets/s ^ s of fluid from the exit 
orifice of said electrospray device. 



15. A system according to claim 14, wherein said substr^W* 

ZT 7^:^ °" ^ — » a plurality of exit orifices^ 

ejecton surface w,th each of the plurality of exit orifices corresponding to a 
respective one of the plurality entrance orifices, and a plurality of channels extendmg 
-eenoneo the plurality of exit orifices and the corresponding one of the « 
of entrance onfices, said device to receive fluid droplets/sprays comprising: 

a daughter plate have a plurality of fluid receiving wells each 
posmoned to receive fluid ejected from a respective one of the exit orifices. 

fl . . . A SyStCm aCC ° rding t0 Claim i5 > wherein said device to receive 

fluid is a mass spectrometry device. 



17. 



electrospray device. 



A system for processing droplets/sprays of fluid comprising: 

an electrospray device according to claim 1 and 

a device to provide fluid to the entrance orifice of said 



18. A system according to claim 17, wherein said device to provide 
fluid comprises a fluid passage positioned to direct fluid in the fluid passage into the 



entrance orifice. 
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19. A system according to claim 1 8, where the fluid passage 
contains a plurality of spaced apart posts. 



20. A system according to claim 1 9, wherein the posts have an 



5 outer coating of an insulating material. 

21 . A system according to claim 20, wherein the insulating material 
is selected from the group consisting of silicon dioxide, silicon nitride, and 
combinations thereof. 

10 

22. A system according to claim 1 7, wherein the substrate further 

comprises: 



entrance orifice of said electrospray device. 

23. A system according to claim 22, wherein the substrate has 
20 opposed first and second surfaces with the fluid reservoir and the fluid passage being 
depressions in the first surface of the substrate, said system further comprising: 

a second substrate joined to the first surface of the substrate to 
cover the fluid reservoir and the fluid passage. 

25 24. A system according to claim 23, wherein the fluid inlet and the 

fluid outlet extend through the surface of the substrate. 

25. A system according to claim 22, wherein the substrate 
comprises a plurality of fluid passages, a plurality of fluid reservoirs each in fluid 
30 communication with one of the plurality fluid passages, a plurality of fluid inlets to 
direct fluid entering said second substrate into one of the plurality of fluid reservoirs, 



a fluid reservoir in fluid communication with the fluid passage; 
a fluid inlet to direct fluid entering said substrate into the fluid 



15 



reservoir; and 



a fluid outlet to direct fluid from the fluid passage to the 
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and a « of fluid ou „ ets t0 ^ flujd ^ ^ ^ ^ ^ 

orifice of said electrospray device. 



opposed firs, and second sorfaces and the device ,o provide fluid comprises: 
a second substrate comprising: 

a fluid reservoir in fluid communication with the fluid passage- 
a fluid inlet to dirac, fluid entering said second substrate into ' 

the fluid reservoir; and 

10 orifice f .Z^^*^™^™^**,*^ 
orifice of said electrospray device, wherein substrate is ioined to th. _ ^ 
to cover the fluid reservoir and the fluid passage. ° 

27. A system according to claim 1 9, wherein the plurality of posts 
15 are spaced apart by no more than 2 um. 

28. A system according to claim 17 further comprising: 

• r- f - . " deVke t0 reC6iVe fluid dr °P lets/ ^ays of fluid from the exit 

orifice of said electrospray device. 

20 

29. A method of generating an electrospray comprising: 
providing an electrospray device according to claim 7- 

anH * „ u ^ " ^ int ° ° riflCe ' the channel, 

and through the exit orifice; 

25 applyin 8 a flrst Potential to the first electrode; and 

fluiH h aPPlyin8 3 SeC ° nd P ° tential t0 ^ SCCOnd eleCtrode ' ***** 

fluid discharged from the exit orifice forms an electrospray. 

30 the form of dje, ' ^ ^ 
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15 



20 



31. A method according to claim 29, wherein the electrospray is in 
the form of a spray. 



33. A method according to claim 32, wherein the spectroscopic 
detection is selected from the group consisting of UV absorbance, laser induced 
fluorescence, and evaporative light scattering. 

34. A method of mass spectrometric analysis comprising: 
providing the system according to claim 14, wherein the device 

to receive fluid droplets/sprays of fluid from the exit orifice of said electrospray 
device is a mass spectrometer, wherein said method comprises: 

passing a fluid into the entrance orifice, through the channel, 
and through the exit orifice under conditions effective to produce an electrospray and 

passing the electrospray into the mass spectrometer, whereby 
the fluid is subjected to a mass spectrometry analysis. 



35. A method of liquid separation analysis comprising: 

providing the system according to claim 1 7, where the device 

to provide fluid to the entrance orifice of said electrospray device is a liquid 

separation device, wherein said method comprises: 

passing a fluid through the liquid separation device so that the 

fluid is subjected to liquid separation analysis and 

passing a fluid into the entrance orifice, through the channel, 

and through the exit orifice under conditions effective to produce an electrospray. 



32. 



A method according to claim 29, further comprising: 
detecting components of the electrospray by spectroscopic 



detection. 



30 



36. A method according to claim 35, wherein the liquid separation 
analysis is selected from the group consisting of capillary electrophoresis, capillary 
dielectrophoresis, capillary electrochromatography, and liquid chromatography. 
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37. A method of mass spectrometric analysis comprising: 

providing the system ofclaim 28, wherein the device to receive 

— e-dme de vi cetopr ovid efluidtotheen ^ ceo J: fsaid 
electrospray deviee is a liquid separation device, wherein said method comprises- 

fluid • w A PaSSing 3 ^ thr ° U8h HqUid d -ice so that the 

fluid is subjected to liquid separation analysis; 

passing a fluid into the entrance orifice, through the channel 

the fl H • k- PaSSin8 ^ deCtr0SPray int ° ^ S P ect —eter, whereby 
the fluid is subjected to a mass spectrometry analysis. 

38. A method according to claim 32, wherein the liquid separation 
an lysis is selected from the group consisting of capillary electrophoresis, cap 1^ 
15 dielectrophoresis, capillary electrochromatograph y , and liquid chromatograph, 



39. 



An electrospray device comprising: 



20 



25 



thecani,, „ „ / CaPi ' laiy ' Ube ^ > f °-o„duc«i„ 8 fluids through 

*e caprilaty tube and connecting an entrance orifice and an exit orifice- 

exit orifice; and ' ^ ^ * *» >~ - 

first and th „ , ' SeC °" d e,eC ' r0<ie '° imPart ' " COnd P ° KMial - wh -° *» 



40. An elecn-ospray device according ,„ claim 39, wherein the 
second potential is applied to the fluid. 



30 4 '- A^^f" Processing droplets/sprays of fluid comprising: 

a " eIectro spray device according to claim 39 and 

a device to receive fluid droplets/sprays of fluid from fl, eexit 
oniice of said electrospray device. 
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42. A system for processing droplets/sprays of fluid according to 
claim 40, wherein said device to receive fluid is a mass spectrometry device. 

5 43. A method of generating an electrospray comprising: 

providing an electrospray device according to claim 39; 
passing a fluid into the entrance orifice, through the capillary 
tube, and through the exit orifice; 

applying a first potential to the first electrode; and 
10 applying a second potential to fluid through the second 

electrode, wherein the first and the second electrodes are positioned to define an 
electric field surrounding the exit orifice, whereby fluid discharged from the exit 
orifice forms an electrospray. 

44. A method of mass spectrometric analysis comprising: 
providing the system according to claim 41, wherein the device 

to receive fluid droplets/sprays of fluid from the exit orifice of said electrospray 
device is a mass spectrometry device, wherein said method comprises: 

passing a fluid into the entrance orifice, through the capillary 
tube, and through the exit orifice under conditions effective to produce an 
electrospray and 

passing the electrospray into the mass spectrometry device, 
whereby the fluid is subjected to a mass spectrometric analysis. 

45. A system for processing droplets/sprays of fluid comprising: 
an electrospray device comprising: 

a substrate having an injection surface and an ejection surface 
opposing the injection surface, wherein the substrate comprises: 

an entrance orifice on the injection surface; 
an exit orifice on the ejection surface; 
a channel extending between the entrance orifice and the exit 

orifice; and 



15 



20 



25 



30 
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exit orifice; and 



a recess extending i„,„ ejection surface ^ ^ 



a device ,o provide flnid t „ ,he electrospray device comprising: 
a fluid passage; 

passage . ^""^"infl^cornrnndoanonwithftefl^ 

" flUid inlet ,0 ^ fluid ™«*ing the device into the 

fluid reservoir; and 

10 . . ■, a fluid outlet to direct fluid from the fluid passa „ t0 ^ 
0 entrance ortflce „ f said electrospray device, wherein the cros, S ec„onal L o m 
entrance ortfiee of said eiectrospray device is e qual to or ,es S than the c„l 
area or me tluid passage. 



^ 46. A method of producing an eiectrospray device comprising- 

providing a substrate having opposed first and second surfaces 
each coated with a photoresist; traces, 

exposing the photoresist on the first surface to an image to form 
a pattern in the form of a spot on the first surface; 

20 i,: th f „ removi ng Ae photoresist on the first surface where the pattern 
20 is in the form of a hole in the photoresist; 

removing material from the substrate coincident with the hole 
» the photoresist on the first surface to form a channel extending through the 



25 



30 



exposing the photoresist on the second surface to an image to 
form an annular pattern circumscribing an extension of the channel through the 
photoresist on the second surface; 

removing the photoresist on the second surface where the 

annular pattern is; 

removing material from the substrate coincident with where the 
pattern in the phototresist on the second surface has been removed to form an annular 
recess extending partially into the the substrate; and 
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removing all coatings from the first and second surfaces of the 
substrate to form the electrospray device. 

47. A method according to claim 46, wherein the substrate is 
5 silicon and layers of silicon dioxide are present between the coatings of photoresist 
and the substrate, said method further comprising: 

removing the silicon dioxide from the first surface after said 
removing the photoresist on the first surface and 

removing the silicon dioxide from the second surface after said 
1 0 removing the photoresist on the second surface. 



48. A method of producing an electrospray device comprising: 

providing a substrate having opposed first and second surfaces, 
each coated with a photoresist; 
1 5 exposing the photoresist on the first surface to an image to form 

a pattern in the form of at least 3 substantially aligned spots on the first surface; 

removing the photoresist on the first surface where the pattern 
is in the form of 3 holes in the photoresist corresponding to where the spots in the 
photoresist were; 

20 removing material from the substrate coincident with where the 

pattern in the photoresist on the first surface has been removed to form a central 
channel aligned with and between two outer channels, said channels extending 
through the photoresist on the first surface and into the substrate, wherein the central 
channel has a diameter which is less than that of the outer channels such that the 

25 central channel extends farther from the second surface of the substrate than the outer 
channels which extend up to the photoresist on the the second surface; 

exposing the photoresist on the second surface to an image 
which forms an annular pattern circumscribing a spot, wherein the spot is coincident 
with an extension of the central channel through the photoresist on the second surface 

30 and a portion of the substrate; 

removing the photoresist on the second surface where the 
annular pattern circumscribing the spot is; 
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removing material from the substrate coincident with where the 
recess exten mg partiaIly into the ^ ^ ^ ^ 

substrate;and 



49. A method according to claim 48, wherein the subset. «. 
-on ^ of siJicon dioxide ^ presem between ^ ^ 

and the substrate, said method further comprising: 

removing the silicon dioxide from the first surface after said 
removing the photoresist on the first surface and 

removing the silicon dioxide from the second surface after said 
removing the photoresist on the second surface. 

50. A method according to claim 48, wherein the insulating 
material is selected from the group consisting of silicone dioxide, silicon nitride and 
combinations thereof. 



51. A method of forming a liquid separation device comprising- 
providing a substrate having opposed first and second surfaces 
each coated with a photoresist; ' 

exposing the photoresist on the first surface to an image to form 
a pattern in the form of a plurality of spots on the first surface; 

removing the photoresist on the first surface where the pattern 

m 46 f0Im ° f 3 « ° f h0leS in Photoresist corresponding to where the 
spots m the photoresist were; 

removing material from the substrate coincident with where the 
pattern in the photoresist on the first surface has been removed to form a large 
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reservoir proximate a first end of the substrate and a plurality of smaller holes closer 
to a second opposite end of the substrate than the reservoir, said reservoir and holes 
extending through the photoresist on the first surface and partially into the substrate; 

filling the smaller holes and surfaces of the reservoir with a 

5 coating; 

applying a further photoresist layer over the coating on the 
surfaces of the reservoir, the filled holes, and the photoresist on the first surface; 

exposing the further photoresist to an image to form a pattern in 
the form of spots, with one spot coincident with what was part of the reservoir and the 
10 other spot being closer to the second end of the substrate than the filled holes; 

removing the further photoresist where the pattern is to form 
holes corresponding to where the spots in the photoresist were; 

removing material from the substrate coincident with where the 
pattern in the further photoresist has been removed to form a pair of channels, with a 
1 5 first channel extending through what was the reservoir up to the photoresist on the 
second surface and a second channel extending through the substrate up to the 
photoresist on the second surface at a location closer to the second end of the 
substrate than the filled holes; and 

removing all coatings from the first and second surfaces of the 

20 substrate; and 

coating all surfaces of the substrate with an insulating material 
to form the liquid separation device. 



52. A method according to claim 51, wherein, between said 
25 removing material from the substrate coincident with where the pattern in the further 
photoresist has been removed and said removing all coatings, said method further 
comprises: 

exposing the photoresist on the second surface to an image 
which forms an annular pattern circumscribing an extension of the first channel 
30 through the photoresist on the second surface; 

removing the photoresist on the second surface where the 

annular pattern is; and 
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removing material from the substrate coincident with where the 
pattern in the phototresist on the second surface has been removed to form an annular 
recess extending partially into the substrate which circumscribes the first channel 
winch extends through the substrate and the photoresist on the first and second 
> surfaces. 



3 



53. A method according to claim 52, wherein the substrate is 
smcon and layers of silicon dioxide are present between the coatings of photoresist 
and the substrate, said method further comprising: 

removing the silicon dioxide from the first surface after said 
removing the photoresist on the first surface and 

removing the silicon dioxide from the second surface after said 
removing the photoresist on the second surface. 



54. A method according to claim 5 1 , wherein the insulating 
material is selected from the group consisting of silicone dioxide, silicon nitride, and 
combinations thereof. 



55. A method according to claim 51, wherein said removing 
material from the substrate further define posts in the substrate. 

56. A method according to claim 55, wherein posts are silicon, said 
method further comprising: 

oxidizing the silicon posts to produce silicon dioxide posts. 
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